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The Helgoland mud area was characterized by high sedimentation rates prior to 1250 AD, most likely 
accounted for by the disintegration of the Helgoland Island during this period. Presumably, high 
amounts of terrigenous metals (e.g. Fe and Mn minerals) and organic matter were deposited as a result 
of the high sedimentation rates. Evident from the deposition of high amounts of organic matter and 
metals in the past are the shallow sulfate-methane transition zone (due to rapid organic matter-
dependent electron acceptor consumption) and elevated concentrations of dissolved metals (Fe and 
Mn) in the methanic zone of the Helgoland mud area.   
Such high concentrations of dissolved Fe and Mn have been observed in other highly-depositional 
environments (e.g. Argentine Basin, Bothnian Sea, Aarhus Bay etc.). However, whether biotic or 
abiotic, the source of elevated dissolved iron in the methanic zone is still not known. Amid several 
hypotheses, the exact mechanisms of iron reduction in methanic zones of marine sediments are also 
still a matter of debate. Therefore, as a first step to understanding the potential involvement of 
microorganisms in iron reduction in the methanic zone in marine sediments, this work provides a 16S 
rRNA gene-based characterization and quantification of bacteria and archaea populations in the 
surface and subsurface sediments of the Helgoland mud area. In addition, this work links iron 
reduction in the methanic zone of the Helgoland mud area to biotic activities and suggested microbial 
populations which may have been involved in iron cycling therein.  
High and depth-wisely increasing concentrations of NH4
+ in pore-water measurements from 
subsurface sediments of many highly-depositional environments around the world suggest that organic 
matter degradation is still ongoing in deeper sediments. Nevertheless, molecular information about the 
composition and diagenetic changes of organic matter from surface to subsurface sediments are few. 
On this front, this doctoral work shows that the most dominant bacteria and archaea populations in the 
subsurface sediments of the Helgoland mud area are influenced by concentration of organic matter, 
thus potentially important for organic matter degradation therein. Molecular characterization of a 
potentially bio-available portion of sedimentary organic matter (the water-extractable fraction) in the 
surface and subsurface sediments, using Fourier Ion Cyclotron Resonance Mass Spectrometry, most 
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importantly reveals that while aliphatic, N-rich compounds, presumably of algal origin are 
preferentially degraded in the surface sediments, O-rich, aromatic compounds, most likely of 
terrestrial origin are utilized in deeper sediments. These results are consistent with observations in 
subsurface soils of peatlands suggesting similar diagenetic alterations of organic matter in marine 
subsurface sediments. 
It is a three decade-old finding that when poorly-crystalline Mn (IV) is added to marine sediments, 
there is a rapid formation of sulfate which is linked to biological activity. However, knowledge of the 
diversity of microorganisms involved in this reaction is limited. In experiments investigating the 
potential for chemolithotrophic Mn (IV) reduction in subsurface sediments of the Helgoland mud area, 
this work uncovers novel uncultured Deltaproteobacteria (tentatively named Marine Sediment 
Manganese-reducing Enrichment, MSME Cluster) potentially involved Mn (IV)-dependent sulfate 
formation in marine sediments. 
Overall, this work adds to the current body of knowledge on microbe-mineral or geo-microbiological 
interactions in marine sediments. The finding that hematite enhanced methanogenesis (by 25−48 % 
faster) in a year-long slurry incubations with sediments from the subsurface sediment of the Helgoland 
mud area also provide a basis for future studies on how (semi)conductive iron minerals such as 
hematite, goethite, and pyrite may mediate electron transfer between specific bacterial populations and 










Die Helgoländer Schlammzone (“Helgoland Mud Area”) ist charakterisiert durch hohe 
Sedimentationsraten vor dem Jahre 1250, sehr wahrscheinlich ausgelöst durch den Landverlust der 
Insel während dieser Periode. Vermutlich wurden dabei große Mengen terrigener Metalle (z.B. Eisen- 
und Manganmineralien) und organischen Materials in diesen Sedimenten abgelagert. Dadurch bedingt 
ist eine relativ schmale Sulfat-Methan-Übergangszone (aufgrund der hohen Aufzehrungsrate der 
Elektronenakzeptoren bei hoher Verfügbarkeit organischen Materials) und erhöhte Konzentrationen 
gelöster Metalle in der Methanzone in diesem Gebiet. 
Ähnlich hohe Konzentrationen an gelöstem Eisen und Mangan wurden auch in anderen Umgebungen 
mit hohem Ablagerungsanteil beobachtet (beispielsweise im Argentinischen Becken, in der Bottensee 
zwischen Finnland und Schweden, in der Bucht von Aarhus etc.). Jedoch ist bisher nicht bekannt, ob 
diese hohen Mengen an gelöstem Eisen biotischen oder abiotischen Ursprunges sind, genau wie die 
exakten Mechanismen der Eisenreduktion in der Methanzone mariner Sedimente noch diskutiert 
werden. Daher wurde mit dieser Arbeit eine quantitative und qualitative Beschreibung der 
mikrobiellen Gemeinschaft in dieser Zone auf der Basis von Genabundanzen der kleinen ribosomalen 
Untereinheit der Bakterien und Archaeen vorgelegt, um in einem ersten Schritt Erkenntnisse über die 
potentielle Rolle von Mikroorganismen in der Eisenreduktion innerhalb der Methanzone in den 
schlammreichen Gebieten um Helgoland zu gewinnen. Tatsächlich konnte durch diese Arbeit die 
Eisenreduktion in Verbindung mit biologischer Aktivität gebracht, und bestimmte mikrobielle 
Subgemeinschaften als besonders involviert vorgeschlagen werden. 
Im Porenwasser vieler dieser ablagerungsreichen Sedimente weltweit werden hohe und proportional 
mit der Tiefe ansteigende Konzentrationen an NH4
+ gemessen, was darauf hinweist, dass auch in 
diesen Tiefen noch organisches Material abgebaut wird. Allerdings existieren nur wenig 
Informationen über die Zusammensetzung und diagenetischer Veränderungen dieses Materials 
zwischen den einzelnen Sedimentschichten. Hierbei konnte diese Arbeit zeigen, dass die dominanten 
Bakterien und Archaeen in diesen Tiefen auf die Konzentrationsänderungen des organischen Materials 
reagieren, womöglich also auch im Abbau dieses Substrats involviert sind. Die molekulare 
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Charakterisierung des wasserlöslichen und damit potentiell biologisch verfügbaren Anteils dieses 
Materials im Oberflächensediment und den Schichten darunter mit Hilfe eines speziellen Verfahrens 
der Massenspektrometrie („Fourier Ion Cyclotron Resonance Mass Spectrometry“) ergab, dass 
sauerstoffreiche, aromatische Verbindungen in den tieferen Schichten abgebaut werden, während im 
Oberflächensediment eher aliphatische, stickstoffreiche Verbindungen bevorzugt werden. Diese 
Ergebnisse stimmen mit aktuellen Untersuchungen überein, die in den tieferen Horizonten von 
Torfmoorböden ähnliche Abbaumuster fanden. 
Weiterhin beschäftigte sich diese Arbeit mit der mittlerweile drei Jahrzehnte alten Beobachtung, dass 
der Zusatz von biologisch zugänglichem Mangan(IV) in Meeressedimenten zu einer schnellen, 
biologisch bedingten Bildung von Sulfat führt. Auch hier ist wenig über die Diversität der involvierten 
Mikroorganismen bekannt, und auch hier konnte innerhalb der vorliegenden Arbeit der Kenntnisstand 
erweitert werden, weil neuartige, unkultivierte Deltaproteobacteria des MSME Clusters („Marine 
Sediment Manganese-reducing Enrichment“) gefunden wurden, die sich in Experimenten zur 
chemolithotrophen Reduktion von Mn(IV) anreicherten.  
Insgesamt konnte diese Arbeit den Stand des Wissens über die Interaktionen zwischen Mikroben und 
Mineralien bzw. ihrer Umwelt in marinen Sedimenten erweitern. Der Befund, dass die Zugabe von 
Hematit die Methanogenese in den Helgoländer Sedimenten um 25-48% beschleunigen konnte, liefert 
eine Grundlage für weitere Experimente, die die Rolle von (halb)leitenden Eisenmineralien wie 
Hematit, Goethit und Pyrit im Elektronentransfer zwischen einzelnen bakteriellen Gemeinschaften und 
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1.1. Role of Microorganisms in the formation of geochemical zones in marine sediments 
Marine sediments cover 70 % of the Earth’s surface. Marine sediments host the largest reservoir of 
organic carbon (Hedges and Keil, 1995) and microbial biomass (Whitman et al., 1998; Parkes et al., 
2000) on earth, thus extremely important in shaping global carbon cycle and climate. The coupling of 
sedimentary organic matter degradation to the mineralization of terminal electron acceptors (e.g. 
oxygen, nitrate, manganese, iron and sulfate etc.) by microbes is pertinent to the delineation of distinct 
geochemical zones in marine sediments (Jørgensen, 2006). Ideally, microorganisms utilize terminal 
electron acceptors in marine sediments in order of the free energy available from the reactions (Table 
1). This results in a redox cascade of electron-accepting processes (EAPs) such as that presented in 
Fig. 1. 
Table 1: Pathways of organic carbon mineralization and their standard Gibbs free energies (ΔG°), per 







However, depending on the abundance of specific electron acceptors or their bioavailability, these 
cascades may not follow the depicted order. For example, sulfate is the most abundant electron 
acceptor in marine sediments and although less-energy yielding than most of other electron acceptors, 
Pathway Stoichiometry of reaction ΔG° (KJ mol -1) 
Aerobic respiration  CH2O + O2 → CO2 + H2O -479 
Denitrification  5 CH2O + 4 NO3
- → 2 N2 + 4 HCO3- + CO2 + 3 H2O -453 
Mn (IV) reduction CH2O + 3 CO2 + H2O + 2 MnO2 → 2 Mn2+ + 4 HCO3- -349 
Fe (III) reduction CH2O + 7 CO2 + 4 Fe (OH)3 → 4 Fe2+ + 8 HCO3- + 3H2O -114 
Sulfate reduction 2 CH2O + SO4
2- → H2S + 2 HCO3
- -77 
Methanogenesis CH3 COO
- + H+ → CH4 + CO2 -28 
Fermentation  CH3CH2COO
-  + 3 H2O → CH3COO- + HCO3- + 3 H2O + H+ 77 
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sulfate reduction is responsible for the oxidation of most of the organic carbon in coastal marine 











Fig.1. Schematic depiction of organic matter degradation steps, geochemical zonations and redox 
cascade of electron acceptors mineralization in marine sediments (figure modified from Jørgensen, 
2006 and Ahke, 2007).  
Due to the involvement of distinct microorganisms in specific EAPs, certain microorganisms may 
dominate specific redox zones in marine sediments. For example, the intersecting point of opposing 
fluxes of sulfate and methane in marine sediments (Fig. 1), termed sulfate-methane transition zone 
(SMT, Iversen and Jørgensen, 1985), is often characterized by a dominance or prominent presence of 
Anaerobic Methane-oxidizing (ANME) archaea and sulfate-reducing bacteria, which can be found 
living together in tight consortia (Boetius et al., 2000). Recently, links between Marine Group I 
archaea and pore-water nitrate concentrations in marine sediments could also be observed in sediments 
of the Arctic Mid-Ocean Ridge, proffering a possible role for members of this group in the nitrogen 




always clear-cut and may overlap (Canfield and Thamdrup, 2009) e.g. as result of bioturbation by 
burrowing organisms, the spatial dominance of certain microorganisms in specific environments can 
still provide clues for rough predictions of the occurrence of associated geochemical processes in 
marine sediments. 
1.2. Organic matter composition in marine sediments and implication for microorganisms 
Organic matter is dispersed in marine sediments in different concentrations depending largely on the 
size of the organic matter source (terrestrial vs. marine), water depth, and sedimentation rates (Hedges 
and Keil, 1995). Apart from organic matter produced in the marine environment, e.g. algal and 
bacterial biomass rich in lipids and nitrogenous compounds, marine sediments also receive inputs of 
terrestrial organic matter, which is mainly derived from plant materials rich in cellulose and lignin (de 
Leeuw and Largeau, 1993). Regardless of sources, extensive recycling of organic matter occurs in the 
water column (Hedges and Keil, 1995) and only about 1 % of the organic carbon export reaches the 
seafloor on a global scale (Hedges and Keil, 1995). This detrital organic matter serves as a main 
energy source for microorganisms living in marine sediments (Jørgensen and Boetius, 2007).  
In surface sediments, easily degradable organic matter is preferentially utilized by microorganisms 
(Cowie and Hedges, 1994; Wakeham et al., 1997), whereas less reactive organic matter accumulates 
and is buried in deeper sediments (Zonneveld et al., 2010). Consequently, microorganisms inhabiting 
deeper sediments have to satisfy their metabolic demands by relying on more recalcitrant organic 
matter, whose degradation requires longer time scales (Middelburg, 1989; Biddle et al., 2006). There 
are very few studies (e.g. Xie et al., 2013; Vigneron et al., 2014) on the nature of organic matter 
mineralized by microorganisms in marine subsurface sediments. However, the consistence of 
microorganisms dominating subsurface sediments (below 30 cm) across many environments may be 
due to special adaptations for utilization of less reactive organic matter (Biddle et al., 2006; Inagaki et 
al., 2006). Dominant Bacteria are usually Chloroflexi and candidate division JS1 (Inagaki et al., 2006; 
Webster et al., 2007; Blazejak and Schippers, 2010; Hamdan et al., 2011; Zhang et al., 2012; 
Schippers et al., 2012; Vigneron et al., 2014), while dominant Archaea are mostly members of the 
Miscellaneous Crenarchaeota Group (MCG) and Marine Benthic Group B (MBGB), otherwise 
15 
 
referred to as Deep Sea Archaeal Group (DSAG; Inagaki et al., 2006; Biddle et al., 2006; Teske and 
Sørensen, 2008; Kubo et al., 2012). How these important groups of microorganisms thrive, and what 
types of carbon sources they assimilate is still largely unknown. 
1.3.  The depositional history of the Helgoland mud area, North Sea 
The North Sea is characterized by high-energy waves which causes constant redistribution of 
sediment, especially in the shallow parts (average water depth- < 100 m). Nevertheless, there are a few 
areas in the North Sea where high deposition of sediments still occur (Lohse et al., 1995). Apart from 
the Skagerrak, which is the area of highest sediment deposition in the North Sea, the Helgoland mud 
area in the German Bight represents another area of sustained sediment deposition (Hebbeln et al., 
2003). Sustained sediment deposition in the Helgoland mud area is driven by small-scale eddy 
currents resulting from the interaction between long-shore coastal currents and riverine discharges 













The Helgoland mud area covers an area of 500 km2 and is overlaid by 20-30 m deep water (Hebbeln et 
al., 2003). The Helgoland mud area, in contrast to the till-now unfilled Helgoland hole south west, is 
filled with about 30 m of Holocene sediment (Dellwig et al., 2000; Hebbeln et al., 2003). In periods 
before 1250 AD (about 750 years before present), average sedimentation rates in the Helgoland mud 
area (Fig. 3) were estimated to be ~ 13 mm yr-1 compared to estimates of average sedimentation rates 
presently (~ 1.6 mm yr-1). Of all historical events in the North Sea during the middle ages, 
disintegration of the Helgoland island was the most plausible reason for the higher sedimentation rates 













Fig. 3. Stratigraphic display of 210Pb-determined sedimentation rates in sediment core GeoB 4801-1 
retrieved from the Helgoland mud area. Light grey shading highlights areas of high sedimentation 
rates (up to 20 mm yr-1) at the bottom of the core. Dark grey shading depicts areas of lower 
sedimentation rates (up to ~2.6 mm yr-1) at the top of the core. Picture taken from Hebbeln et al., 2003 





1.4.  Connections between the depositional history and geochemistry of the Helgoland mud area 
Higher sedimentation rates in the past likely had important consequences for the geochemistry of the 
Helgoland mud area. In other environments such as the western Argentine Basin, mineralogical and 
bulk solid phase analyses data provided evidences for high deposition of terrigenous material with 
high metal oxide (e.g. iron and manganese minerals) concentrations (Riedinger et al., 2005). 
Predictably, such environments are likely to contain high amounts of terrestrially-derived organic 
matter. Consequently, there is sufficient amount of organic matter to fuel the reduction of oxidants in 
such environments. As sulfate reduction is mostly responsible for the mineralization of organic matter 
in coastal marine environments, the rate of sulfate reduction in highly depositional areas is expected to 
be high. This means that sulfate is quickly depleted (Meister et al., 2013) and conditions of co-existing 
minimal sulfate and methane concentrations, favoring anaerobic oxidation of methane with sulfate are 
thus established earlier in comparison to environments where sedimentation is lower and organic 
matter is buried at a much slower pace. Therefore, highly depositional marine environments are 
expected to be characterized by shallower SMT (Riedinger et al., 2006; Egger et al., 2014). Rapid 
upward movement of the SMT may also reduce the contact time between hydrogen sulfide formed 
from sulfate-dependent AOM and buried metals, allowing the deposition of excess of minerals such as 
iron (III) and manganese (IV) to depths below the SMT (methanic zone). In these respects, the 
Helgoland mud area is characterized by a shallow SMT (30-75 cm bsf, Oni et al., 2015) and high 
concentrations of dissolved iron deep in the methanic zone (Oni et al., 2015). Such elevated 
concentrations of pore-water dissolved iron deep in the methanic zone have also been found in the 
subsurface sediments of other highly depositional marine environments such as the Amazon Fan 
(Flood et al., 1995; Kasten et al., 1998), Peru Margin (D’Hondt et al., 2004), Sea of Okhotsk 
(Wallmann et al., 2008), Argentine Basin (Hensen et al., 2003; Riedinger et al., 2005, 2014), Zambesi 
Fan (März et al., 2008), Aarhus Bay (Holmkvist et al., 2011) and Bothnian Sea (Slomp et al., 2013; 
Egger et al., 2014). The occurrence of such high concentrations of pore-water dissolved iron in the 
methanic zone, the source of which is so far unknown, is intriguing as it does not conform to textbook 
knowledge of redox cascades of electron-accepting processes in marine sediments (see Fig. 1, sub-
section 1.1). In the Helgoland mud area, excess Fe (III) or Mn (IV) minerals and high flux of organic 
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matter together thus presents themselves as an important spectacle for studying geo-microbiological 
interactions.  
1.4.1.  Proposed hypotheses to explain the source of dissolved iron the subsurface sediments 
of the Helgoland mud area 
In surface marine sediments, iron reduction typically occurs in the top 10 cm below sea floor 
(Vandieken et al., 2006a, 2006b). Chemical (Canfield, 1989; Canfield et al., 1992; Poulton et al., 
2004) and microbial (Roden and Lovley, 1993; Vandieken et al., 2006b; Nickel et al., 2008; 
Vandieken and Thamdrup, 2013) iron reduction in surface marine sediments have also been well 
studied. However, the pathways of dissolved iron formation in methane-rich subsurface sediments of 
some marine environments (see sub-section 1.4) are yet to be fully established and documented. A 
number of hypotheses, mostly revolving around microbial vs. chemical mechanisms, have been put 
forward to explain the elevated concentrations of pore-water dissolved iron measured at these sites and 
are briefly discussed below: 
The “Cryptic Sulfur Cycle” 
One of the central hypotheses that have been used to explain iron reduction in the methanic zone of 
sediments of the Aarhus Bay, Denmark,  is the abiotic reaction between downward-diffusing sulfide 
from sulfate reduction in the SMT zone, with iron (III) minerals (Fig. 4) deeply buried over geological 
















Fig. 4. Conceptual depiction of an iron-driven “cryptic sulfur cycle” in the methanic zone of the 
Aarhus Bay sediments. Formation of pyrite (FeS2) results in the presence of excess hydrogen sulfide 
and excess reducing equivalent from pyritzation (H2) is proposed to be utilized for methanogenesis by 
methanogenic archaea. Picture taken from Holmkvist et al., 2011 with permission from publisher.  
Disproportionation of intermediate sulfur species e.g. elemental sulfur and thiosulfate, resulting from 
reaction between sulfide and iron (III) minerals to sulfide and sulfate was put forward as the origin of 
background sulfate concentrations (< 500 μM) still detected in the methanic zone (Holmkvist et al., 
2011). The iron-driven internal cycling of sulfur in steady state, thus re-supplies sulfate for use by 
sulfate-reducing bacteria, which were detected in unexpectedly high abundance in the methanic zone 
of the Aarhus Bay and Black Sea sediments (Leloup et al., 2007, 2009). Besides, Fe (III), Mn (IV) 
may also play a role in the re-supply of sulfate in the methanic zone. Although only shown in marine 
surface sediments, Mn (IV) is a powerful oxidant for solid phase sulfide minerals (Aller and Rude, 
1988; King, 1990) such as mackinawite (FeS) and pyrite (FeS2) to sulfate, a reaction which although 
can occur purely chemically (Schippers and Jørgensen, 2001), has also been linked to microbial 
activity (Aller and Rude, 1988; Thamdrup et al., 1993; Lovley and Phillips, 1994; Tender et al., 2002) 











As in surface marine sediments, organic matter oxidation, e.g. that of glucose or other fermentation 
end products such as acetate or hydrogen, can be enzymatically coupled to dissimilatory iron reduction 
(Lovley, 1993) by bacteria such as Desulfuromonas (Roden and Lovley, 1993; Coates et al., 1995; 
Vandieken et al., 2006c) or Shewanella (Das and Caccavo, 2000) is a potential pathway for iron 
reduction in the methanic zones. The oxidation of electron donors such as acetate or hydrogen coupled 
to iron reduction in the methanic zone may be complicated by the fact that iron reducers and 
methanogen compete for the same electron donors (Achtnich et al., 1995).  
Fermentative processes linked to iron (III) reduction  
 During the fermentation of complex organic matter, iron (III) mineral may serve as a sink for excess 
electrons and means of maximizing carbon utilization from organic substrate fermentation (Dobbin et 
al., 1999; Shah et al., 2014). Dobbin et al. observed that glucose degradation coupled to iron reduction 
by Clostridium beijerinckii did not occur via an electron transport chain i.e. was not directly coupled 
to energy generation by the microorganism. However, the presence of Fe (III) facilitated the 
regeneration of NAD(P)+ used for generation of additional ATP to that provided by the presence of 
glucose alone. Since many microorganisms usually dominant in subsurface sediments (see review, 
Parkes et al., 2014 and refs. therein) have been linked to fermentative metabolism (Dodsworth et al., 
2013; Peacock et al., 2013; Hug et al., 2013; Wrighton et al., 2014), organic matter fermentation 
coupled to iron reduction is conceivable as a hypothesis for the source of iron reduction in the 
methanic zone of marine sediments.   
AOM-driven iron reduction  
Traditionally, our idea of methane oxidation in environments was that it was only performed 
aerobically by methanotrophic bacteria (Hanson and Hanson, 1996) and anaerobically via a 
consortium of methane-oxidizing archaea (ANME) and a deltaproteobacterial sulfate-reducing partner 
(Boetius et al., 2000; Orphan et al., 2001). In the last 6-7 years, new environmentally relevant 
pathways of methane oxidation have been unearthed, with findings that this process can be coupled to 
terminal electron acceptors other than sulfate, e.g. iron and manganese oxides (Beal et al., 2009; 
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Wankel et al., 2012; Segarra et al., 2013; Egger et al., 2014) or nitrite and nitrate (Pernthaler et al., 
2008; Ettwig et al., 2010; Haroon et al., 2013). Recently, for sulfate-depleted methanic sediments of 
the Argentine Basin, it was argued that high amounts of pore-water dissolved iron detected must have 
resulted from methane oxidation (Riedinger et al., 2014). Similarly, Egger and colleagues concluded 
that high concentration of dissolved iron in the methanic zone of the Bothnian Sea is most likely a 
result of AOM coupled to iron reduction based on higher rates of methane oxidation observed in their 
slurry incubation experiments, in the presence of amorphous iron (III) minerals (Egger et al., 2014).  
However, microorganisms potentially involved in methane oxidation in their incubation studies were 
not identified.  
1.5. Goals of this thesis 
The main aims of this thesis have been divided into two major parts which are highlighted as follows: 
- As there are still uncertainties surrounding the biotic vs. abiotic origin as well as the main 
pathways of dissolved iron formation in sulfate-depleted methanic sediments, it is important to 
ascertain whether iron reduction in the methanic zone of the Helgoland mud area was 
microbially-driven. If microbially-mediated, identify the pathway(s) and microorganisms 
potentially driving the process .  
- High flux of organic matter into the subsurface sediments of the Helgoland mud area made it 
important to determine the nature of organic matter present therein in relation to the surface 
sediments which were more recently deposited under comparably lower sedimentation rates. I 
also aimed to discuss the potential links between the nature/sources of organic matter and 
microorganisms inhabiting the surface and subsurface sediments of the Helgoland mud area.  
Additionally, in a pilot experiment, I aimed to test the potential for chemolithotrophic Mn (IV) 





1.6.  Approach to achieving goals 
The goals of this thesis were realized through the following approaches: 
- Depth-wise molecular characterization of the microbial communities in the surface and 
subsurface sediments. This helped to get a first insight into the metabolic potentials that may 
exist in the Helgoland mud area, based on literature knowledge of the environmental roles of 
microorganisms detected.  
- Matching depth-wise distributions of microbial populations with specific geochemical profiles 
(e.g. dissolved iron concentrations and total organic carbon) to predict roles of distinct 
microbial populations in situ. 
- Molecular characterization of water-extractable organic matter as a first step to identifying 
classes of organic matter being utilized preferentially in the surface and methanic subsurface 
sediments of the Helgoland mud area. 
- Analyze the nature of iron (III) minerals in situ to check for the presence of amorphous iron 
minerals which are more amenable to microbial reduction  
- Perform slurry incubation experiments with sediments from the Helgoland mud area to find 
out which substrates, microbes or processes are most likely or likely not driving iron reduction 
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The role of microorganisms in the cycling of sedimentary organic carbon is a crucial one. To better 
understand relationships between molecular composition of a potentially bioavailable fraction of 
organic matter and microbial populations, bacterial and archaeal communities were characterized 
using pyrosequencing-based 16S rRNA gene analysis in surface (top 30 cm) and subsurface sediments 
(30-530 cm) of the Helgoland mud area, North Sea. Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry (FT-ICR MS) was used to characterize a potentially bioavailable organic matter fraction 
(hot-water extractable organic matter, WE-OM). Algal polymer-associated microbial populations such 
as members of the Gammaproteobacteria, Bacteroidetes and Verrucomicrobia were dominant in 
surface sediments, while members of the Chloroflexi (Dehalococcoidales and candidate order GIF9) 
and Miscellaneous Crenarchaeota Groups (MCG), both of which are linked to degradation of more 
recalcitrant, aromatic compounds and detrital proteins, were dominant in subsurface sediments. 
Microbial populations dominant in subsurface sediments (Chloroflexi, members of MCG, and 
Thermoplasmata) showed strong correlations to total organic carbon content. Changes of WE-OM 
with sediment depth revealed molecular transformations from oxygen-rich (high Oxygen to Carbon 
(O/C), low Hydrogen to Carbon (H/C) ratios) aromatic compounds and highly unsaturated compounds 
towards compounds with lower O/C and higher H/C ratios. The observed molecular changes were 
most pronounced in organic compounds containing only CHO atoms. Our data thus, highlights classes 
of sedimentary organic compounds that may serve as microbial energy sources in methanic marine 
subsurface environments.  
Keywords: Helgoland mud area, subsurface sediment, Soxhlet extraction, FT-ICR MS, Total Organic 









Marine sediments cover 70 % of the Earth’s surface. Organic matter is finely dispersed in these 
sediments in different concentrations depending largely on the size of the organic matter source, water 
depth, and sedimentation rates (Hedges and Keil, 1995). Apart from organic matter produced in the 
marine system, e.g. algal and bacterial biomass rich in lipids and nitrogenous compounds, marine 
sediments also receive inputs of terrestrial organic matter, which is mainly derived from plant 
materials rich in cellulose and lignin (de Leeuw and Largeau, 1993). Regardless of sources, extensive 
recycling of organic matter occurs in the water column (Hedges and Keil, 1995) and only about 1 % of 
the organic carbon export reaches the seafloor on a global scale (Hedges and Keil, 1995). This detrital 
organic matter serves as a main energy source for microorganisms living in marine sediments 
(Jørgensen and Boetius, 2007).  
In surface sediments, easily degradable organic matter is preferentially utilized by microorganisms 
(Cowie and Hedges, 1994; Wakeham et al., 1997), whereas less reactive organic matter accumulates 
and is buried in deeper sediments (Zonneveld et al., 2010) . Consequently, microorganisms inhabiting 
deeper sediments have to satisfy their metabolic demands by relying on more recalcitrant organic 
matter, whose degradation requires longer time scales (Middelburg, 1989; Biddle et al., 2006). There 
are very few studies (e.g. Xie et al., 2013; Vigneron et al., 2014) on the nature of organic matter 
mineralized by microorganisms in marine subsurface sediments. However, the consistence of 
microorganisms dominating subsurface sediments across many environments may be due to special 
adaptations for utilization of less reactive organic matter (Biddle et al., 2006; Inagaki et al., 2006). 
Dominant Bacteria phyla are usually Chloroflexi and candidate division JS1 (Inagaki et al., 2006; 
Webster et al., 2007; Hamdan et al., 2011), while dominant Archaea are mostly members of the 
Miscellaneous Crenarchaeota Group (MCG) and Marine Benthic Group B (MBGB), otherwise 
referred to as Deep Sea Archaeal Group (DSAG; Inagaki et al., 2006; Biddle et al., 2006; Teske and 
Sørensen, 2008; Kubo et al., 2012). How these important groups of microorganisms thrive and what 
carbon sources they assimilate is largely unknown. 
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Knowledge of the molecular composition of sedimentary organic matter is important to predict the 
contributions of different organic matter sources to the pool of total organic carbon (TOC) (Meyers 
and Ishiwatari, 1993), each pool’s relevance for shaping the functional diversity of microbial 
communities (Hunting et al., 2013) and associated energy limitations originating from substrate 
composition (Lever et al., 2015). However, it is a major challenge to molecularly characterize organic 
matter in sediments due to analytical limitations (Nebbioso and Piccolo, 2012). In the last decade, 
Fourier Transform Ion-Cyclotron Resonance Mass Spectrometry (FT-ICR MS) has successfully 
provided insights into the molecular composition of dissolved organic matter (DOM) in diverse 
environments (Kim et al., 2004; Koch et al., 2005; Dittmar and Koch, 2006; Hertkorn et al., 2006; 
Tremblay et al., 2007; Reemtsma et al., 2008; Schmidt et al., 2009; Bhatia et al., 2010; D’Andrilli et 
al., 2010; Lechtenfeld et al., 2013; Roth et al., 2013; Schmidt et al., 2014) due to its capacity to resolve 
thousands of individual components of complex organic matter based on precise mass determination. 
We applied FT-ICR MS to the water-extractable organic matter (WE-OM) fraction, which consists of 
free and adsorbed pore-water DOM as well as DOM that can be leached from particulate organic 
matter (Schmidt et al., 2014). Thus WE-OM is representative of both pore-water DOM and its 
potential particulate precursor pool. This pool of organic matter may also provide utilizable carbon and 
nitrogen for microorganisms living in sediments and soils (Strosser, 2010; Guigue et al., 2015). 
However, the ubiquity, distribution, and potential relevance, as a substrate source, of individual groups 
of DOM molecules for microbes in marine sediments are not known.  
Here, we aim at a better understanding of the relationship between the molecular composition of WE-
OM and the microbial diversity in marine sediments from the Helgoland mud area in the North Sea. 
So far, studies on microbial communities in surface (Llobet-Brossa et al., 2002; Mussmann et al., 
2005) and subsurface sediments (Köpke et al., 2005; Wilms et al., 2006a, 2006b) in the German Bight 
of the North Sea have focused on tidal flat sediments. The Helgoland mud area is distinct in that it is 
one of the few depocenters of fine-grained mud in the open North Sea; in periods before 1250 A.D. 
this area has experienced higher sedimentation rates (up to 12-fold higher) and deposition of organic 
matter than nowadays (Hebbeln et al., 2003). Besides, the subsurface sediments (methanic zone) of the 
Helgoland mud area are characterized by intriguingly high dissolved iron concentrations (Oni et al., 
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2015), the source of which is currently not known but predicted to be of microbial origin (Oni et al., 
2015). These peculiarities necessitate that extensive research on the existing functional potentials of 
microorganisms in the Helgoland mud area be done in future. We thus provide an insight into the 
microbial populations as well as the nature of organic matter present therein. In addition, we discuss 
potential links between the molecular composition of organic matter and diversity of microbial 
populations in these surface and sub-seafloor environments.  
2. Methods 
2.1 Site and Sampling description 
Samples from surface sediments (up to 10 cm) and subsurface sediments (up to 530 cm) from the 
Helgoland mud area (54° 5.00'N 7° 58'E) were collected in 2012, 2013, and 2014 during cruises with 
the research vessels HEINCKE and UTHÖRN. Sampling sites, coordinates and methods, are 
described in detail by Oni et al.( 2015). Microbial community analysis was performed on samples 
reported in the aforementioned study. For sediment cores collected in 2012 (core UT2012, surface 
sediments and core HE376-007, deeper sediments), total organic carbon (TOC), total nitrogen (TN), 
stable carbon and nitrogen isotope analysis was performed with samples from 0-5 cm, 5-10 cm, and 
each 25 cm sections of the 500 cm sediment core described in Oni et al. (2015). The same parameters 
were measured on sediment cores collected in 2013 (core HE406-8-003, deeper sediments). From 
sediment core HE421-004, only 4-6 cm (surface sediments) was sampled, while sediment core 
HE406-8 was sampled in 25 cm sections at 100 cm intervals (i.e. 30-55 cm (close to the sulfate-
methane transition depth, SMT (75 cm, Oni et al., 2015), termed “SMT area” hereafter), 130-155 cm, 
230-55 cm, 330-355 cm, and 430-455 cm (methanic zone)). Samples from cores HE421-003 and 
HE406-8 were used for studying the molecular composition of organic matter by aqueous soxhlet 






2.2 Organic matter analysis 
2.2.1. Total organic carbon, total nitrogen, and stable carbon and nitrogen isotopes 
To quantify the contents of total organic carbon (TOC), total nitrogen (TN) and their respective stable 
isotopes, approximately 3 g of wet sediment from each section were decalcified by treatment with 
10% HCl. Afterwards samples were washed with ultrapure water and freeze-dried. Samples were 
ground in a mortar and 10-30 mg of each sample was weighed into tin capsules and analyzed on a 
Thermo Scientific Flash 2000 elemental analyzer connected to a Thermo Delta V Plus IRMS. All 
values are mean values of duplicate measurements. Stable isotopic compositions are reported in the 
δ13C and δ15N notation in ‰ relative to the Vienna Pee Dee Belemnite (V-PDB) standard and 
atmospheric N, respectively. High-resolution TOC contents were determined using a Carbon-Sulphur 
Determinator (ELTRA CS 2000). About 50 mg of dried and ground sediment were weighted into 
ceramic crucibles. Two to three drops of ethanol were added to avoid strong bubbling, and 
subsequently the sediment was decalcified with 12.5 % HCl p.a. and dried on a heating plate at 250 
°C. After about two hours the dry sediment was covered by a mixture of steel and tungsten splinters to 
ensure a homogenous burning of the sample. The analytical precision was better than 1 %. 
2.2.2. Soxhlet extraction 
A detailed description of extraction procedures and post-extraction steps has been provided in Schmidt 
et al., 2014. In brief, about 25 g of wet sediment was weighed into pre-combusted glass fiber thimbles 
(30 x 100 mm, Whatman). Prior to use, thimbles were extracted in ultrapure water for 48 hours to 
remove potential contaminants. A procedural blank containing thimble and deionized water was run to 
check for contaminations. The thimbles were placed in the soxhlet extraction unit and WE-OM was 
extracted from the sediment samples with 200 ml of distilled, de-ionized water for 24 hours. Soxhlet 
extracts were filtered first with 0.7 μm (GF/F, Whatmann) and then 0.2 μm (cellulose, Sartorius) 





2.2.3. DOM extraction 
Soxhlet extracts were acidified to pH 2 with HCl (suprapur, Merck) before concentrating the DOM by 
solid phase extraction (SPE) using Bond Elut-PPL cartridges (500 mg, 3 ml syringe; Agilent 
Technologies, Germany) as described by Dittmar et al., 2008. As the extracts were adsorbed to the 
cartridges, salts were removed by rinsing the cartridges with 6 ml ultrapure water (pH 2). Extracts 
were eluted with 1 ml of methanol (LiChrosolv, Merck) and stored at -20°C in the dark until FT-ICR 
MS analyses. 
2.2.4. Dissolved organic carbon and total dissolved nitrogen 
DOC and total dissolved nitrogen (TDN) concentrations were analyzed in Soxhlet extracts and SPE 
extracts. First, methanol was removed from aliquots of SPE extracts under a stream of nitrogen and 
afterwards DOM was re-dissolved in 6 ml ultrapure water. Measurements were performed by high-
temperature catalytic oxidation (at 680°C) using a Shimadzu TOC/TN analyzer equipped with infrared 
and chemiluminescence detector (oxygen flow: 0.6 l min-1). Prior to direct injection onto the catalyst, 
samples were acidified with 0.12 ml HCl (2 M) in the autosampler and purged with oxygen to remove 
inorganic carbon. Final DOC concentrations were average values of triplicate measurements.  
 2.2.5. FT-ICR MS  
DOM extracts were analyzed on a Bruker SolariX FT-ICR mass spectrometer (Bruker Daltonik 
GmbH, Bremen, Germany) equipped with a 12 T refrigerated actively shielded superconducting 
magnet (Bruker Biospin, Wissembourg, France) and an electrospray ionization source (ESI, Apollo II 
electrospray source, Bruker Daltonik GmbH, Bremen, Germany). Prior to measurement, the extracts 
were diluted with methanol:water (1:1, v/v) mixture to same SPE concentrations for all samples (750 
nM DOC/μL). Samples were ionized in negative ionization mode at an infusion flow rate of 5μl min-1. 
Ion accumulation time was set to 0.05 s and 200 scans were added to one mass spectrum. Acquired 
mass spectra were calibrated externally with arginine clusters and recalibrated internally with 
compounds that were repeatedly identified in marine pore-water DOM samples (cf. Schmidt et al., 
2014). The root mean square error of the internal calibration was below 0.095 ppm resulting in very 
reliable molecular formula assignment. Molecular formulas were calculated under consideration of the 
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31P0-2 in an m/z range of 180-600. 
Formulas were restricted to integer double bond equivalent (DBE) values and a molecular element 
ratio of O/C ≤ 1.2. A mass tolerance of ± 0.5 ppm was considered as a valid formula. Multiple 
formulas were filtered with the homologous series/building block approach and isotope check (Koch 
et al., 2007). Molecular formulas containing 13C or 34S were excluded from the final dataset which was 
limited to peaks with S/N > 7 corresponding to a relative peak intensity of 0.4 %. Relative peak 
intensities were calculated from the total peak intensity (?IntallPeaks) in the spectra after following 
equation: 
Rel. Intensity = (IntPeak/?IntallPeaks*1000)        (1) 
In order to reduce the complexity of data characteristically obtained from FT-ICR MS analyses, 
molecular formulas were first grouped into categories based on their elemental composition: (1) 
molecular formulas containing C, H and O atoms, (2) molecular formulas consisting of C, H, O and 
one or two N atoms (CHO-N1-2), (3) molecular formulas consisting of C, H, O and three or four N 
atoms (CHO-N3-4), (4) molecular formulas containing N and P (CHNOP), (5) molecular formulas 
containing S (CHOS), (6) molecular formulas containing N and S (CHNOS), (7) molecular formulas 
containing P and S (CHOPS) as well as (8) those containing P only (CHOP). In addition, molecular 
formulas in the different categories were divided into five groups based on modified aromaticity index 
(AImod,  (Koch and Dittmar, 2006), H/C and O/C ratios (e.g.Šantl-Temkiv et al., 2013; Seidel et al., 
2014), hereafter referred to as groups 1-5 : (group 1) polycyclic aromates, (PCAs, AImod ≥ 0.67), 
(group 2) highly aromatic compounds, including polyphenols and PCA compounds with aliphatic 
chains (0.67> AImod > 0.50), (group 3) highly unsaturated compounds (including humic compounds 
and carboxyl-rich alicyclic molecules (CRAM; Hertkorn et al., 2006; AImod ≤ 0.5 and H/C <1.5), 
(group 4) unsaturated aliphatic compounds (2.0 > H/C ≥ 1.5), (group 5) saturated aliphatic compounds 
(may include carbohydrate-like compounds, saturated fatty and sulfonic acids; H/C ≥ 2.0). Raw data 
sheets used for molecular assignments are provided as supplementary material (data sheet S4). ESI 
negative FT-ICR mass spectra covering all mass ranges and nominal mass 385Da (as an example) in 
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WE-OM extracted from the sediment cores are also provided in supplementary Figs. S1 and S2. 
respectively. 
2.3 Microbial community analyses 
2.3.1. Pyrosequencing and sequence analyses 
DNA samples, extracted as described in Oni et al. (2015), from depths 0-5 cm and 5-10 cm (surface 
sediments), 30-55 cm (SMT area), 180-205 cm, 230-255 cm, 305-330 cm, 355-380 cm, and 480-505 
cm (methanic zone), were selected for 454 FLX pyrosequencing at Molecular and Research Testing 
Laboratory, (Lubbock, Texas, USA). The same primer pairs for bacteria and archaea 16S rRNA gene 
amplification as reported in Oni et al.(2015) were used. Downstream processing of sequence raw data 
files (SFF files) were done as reported earlier (Oni et al., 2015). Rarefaction curves (observed species 
based on 97% OTU cut-off) and microbial diversity and richness indices (Shannon and Chao 1, 
respectively) were calculated for each sample analyzed using the QIIME version 1.7.0. Species 
diversity and richness indices along the depth profile for bacteria and archaea were calculated after 
jackknifing (normalization) the number of sequences to those of the samples with lowest sequence 
reads. Weighted Paired Group Method of Averaging (WPGMA) cluster diagrams were generated for 
bacterial and archaeal OTUs. 
2.3.4. Statistical analyses 
To investigate the strength of relationships between TOC and TN or between TOC and microbial 
populations with depth, spearman correlations were calculated using PAleotontological STatistics 
software (PAST, Hammer et al., 2001), version 2.17c. 
3 Results 
 
3.1 Organic matter analyses 
3.1.1. Total organic carbon, total nitrogen, and stable carbon and nitrogen isotopes 
In cores UT-2012 (surface sediments) and HE376-007-5 (deep sediments), mean TOC and TN values 
showed high variations with depth (Fig. 1). TOC and TN contents ranged between 0.6–2.2 wt % and 
39 
 
0.09–0.2 wt %, respectively, with the highest values of both parameters measured at depths below 300 
cm. Depth-wise TOC and TN variations strongly co-varied (Fig. 1; ρ= 0.962, p-value = 1.48E-11, n 
=22). δ13C-TOC and δ15N values ranged between -23.1 to -23.4 ‰ and 6.9 to 7.1 ‰ in the surface 
sediment. In deeper sediments, δ13C-TOC and δ15N values showed variations between -24.9 to -25.4 
‰ and 4.6 to 5.5 ‰, respectively (Fig. 1). In cores HE421-003 and HE406-008, TOC, TN, δ13C-TOC 
and δ15N, distributions were similar to those of cores UT-2012 and HE376-007-5. In core HE421-003, 
TOC and TN in the surface sediment (4-6 cm) were 0.98 and 0.11 wt %, respectively. In subsurface 
sediments TOC varied between 0.81 to 1.6 wt % and TN ranged from 0.08 to 0.17 wt %. Both 
parameters showed the same trend with depth (ρ = 1.000, p value < 0.001, n=6) with the highest 
values observed in sediments sampled below 230 cm (Fig. 1). Furthermore, both δ13C-TOC and δ15N 
gradually decreased with depth (Fig. 1). 
3.1.2 Water-extractable organic matter analysis  
WE-OM fraction in the surface and deep sediments of the Helgoland mud area ranged between 1.2–
2.4 % (Table 1) with the highest portion found for the sample from 130–155 cm and the lowest portion 
for the sample from 230–255 cm. FT-ICR MS analysis resolved thousands of molecular formulas per 
sample (Table 2). The sample from the surface sediment (4–6 cm) contained a lower number of 
formulas compared to samples from deeper sediments (30–455 cm). In deeper sediments, numbers of 
molecular formulas were higher in the samples from the methanic zone (below 130 cm) compared to 
the sulfate methane transition zone (SMT area; 30 – 55 cm). Intensity weighted averages of molecular 
masses (m/zwa) were higher in deeper sediments than in surface sediments. Weighted average Double 
Bond Equivalent (DBEwa) values, which denote the sum of rings and double bonds in the molecular 
compounds, as well as O/Cwa and C/Nwa ratios, were generally lower in surface sediments. On the 
other hand, the H/Cwa ratio was higher in the surface sediment compared to the deeper sediments. With 
respect to relative intensities of peaks, total signal intensities of CHO and N-bearing compounds were 
highest in all samples. CHO and CHO-N1-2 compounds were more enriched in deeper sediments 
whereas CHO-N3-4 and CHNOP compound groups were most abundant in the surface sediments (Fig. 
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2). Relative signal intensities of CHOS compounds showed no clear trend from surface sediments 
down to deeper sediments (Fig. 2).  
PCAs (group 1) showed the highest relative abundance in sample from the SMT area (4.1 %), 
followed by sample from the surface sediment (3.8 %). Their abundance decreased at 130 – 355 cm 
and below, where it ranged around 2.5–2.7 %. In the deepest sample from 430–455 cm, PCA 
compounds showed a slight increase to 3.4 % (Fig. 3). Highly aromatic compounds (group 2) were 
comparatively more abundant in all samples and showed similar trends in the subsurface sediments as 
group 1 (Fig. 3). The decrease in the percentage relative intensities of PCA and highly aromatic 
compounds below the SMT area appear to be most pronounced in the CHO compounds (Figs. 3 and 
4B). Highly unsaturated compounds (group 3) were the most abundant molecular formulas group in all 
samples (Fig. 3). In the surface sediment they constitute 47 % of all peak intensities while their 
relative abundance increased in deeper sediments, from 58 % in the SMT area to 61–64% in the 
methanic zone. Unsaturated aliphatic compounds (group 4) were highest in the surface sediment (40 
%) whereas their relative intensities decreased in the deeper sediment to approximately half (19.3–20.3 
%) of their total intensities in the surface sediment. The relative abundances of CHO-N3-4, in surface 
sediments, were highest in in groups 4 and group 1 (Fig. 3). Finally, saturated aliphatic compounds 
(group 5) were most abundant in the surface sediment (3.4%) in relation to samples from deeper 
sediments (1.4–2.2 %). CHO-N3-4 formulas made up a small portion (approx. 0.3–1 %) of the 
compounds in group 5 (Fig. 3).  
3.2 Microbial community structure and composition 
The bacteria and archaea community structure clearly differed between the surface and deep sediments 
of the Helgoland mud area as displayed in Figs. 4A and 4B. Specifically, subsurface sediments 
showed a separation between bacterial populations in the SMT area and the methanic zone (Fig. 4A). 
However, there was generally no separation of archaea between the SMT area and the methanic zone 
in the subsurface sediments (Fig. 4B) as also observed by Lazar et al. (2015) in shallow estuarine 
sediments. Bacterial and archaeal diversities (Shannon index) were generally higher in surface 
compared to subsurface sediments (Fig. 5). Overall, no clear differences in bacterial species richness 
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were observed between surface and subsurface sediments (Fig. 5). However, archaea species richness 
was approximately 4-9 times higher in surface than in subsurface sediments (Fig. 5). Estimates of the 
number of bacterial and archaeal OTUs detected (based on 97% sequence similarity cut-off) are shown 
in rarefaction curves (Fig. 6). 
In comparison to subsurface sediments, bacterial communities in the surface sediments of the 
Helgoland mud area were dominated by Deltaproteobacteria (33−34 % in surface vs. 2.5–7 % in 
deeper sediments) and Gammaproteobacteria (25–29 % in surface vs. 1–3 % in deeper sediments). 
Subsurface sediments are dominated by Chloroflexi (27−40 % vs. 3 % in surface sediments) as well as 
candidate division OP9/JS1 (18–27%; not detected in surface sediments). Bacterial populations 
belonging to Acidobacteria (3–4 %), Verrucomicrobia (1.5–4.4 %), Cyanobacteria (2–4.5%), and 
Bacteroidetes (3.5–5 %) were more dominant in the surface sediments (Fig. 7A). In contrast, 
Spirochaetes (2.3–5.3 %), salt marsh clone LCP89 (1.22–2.19 %), Betaproteobacteria (0.6–1.7 %), 
Planctomycetes (1.2–2.0 %), Elusimicrobia (1.7–2.6 %), candidate divisions OP1 (0.71–1.6 %), OP8 
(1.7–3.6 %), and WS3 (1.3–4.4 %) were more abundant in all samples from deep sediments compared 
to surface sediments (Fig. 7A). Other bacterial populations such as Actinobacteria and Firmicutes 
were detected both in surface and deep sediments with more or less similar relative abundances (Fig. 
7A).  
Archaeal populations in surface sediments were largely dominated by Thaumarchaeota (31–47 % in 
surface vs. 0.7–1.9 % in deeper sediments) and Parvarchaea (36–40 % in surface vs 1.5–5 % in deeper 
sediments) while deeper sediments were dominated by Miscellaneous Crenarchaeota Group (MCG; 
30-56 % in deeper vs. 0.6–4 % in surface sediments) (Fig. 7B). Anaerobic methanotrophic archaea 
(ANME 1 and ANME-2c) were detected in the deeper sediments with their combined relative 
abundances highest at 30–55 cm (SMT area). Methanogens belonging to the Methanosaetaceae, 
Methanosarcinaceae and Methanomicrobiales were more abundant in the deeper sediments, in 
particular in the methanic zone (305–330 cm and 355–380 cm) (Fig. 7B). Conspicuously, more 
abundant in samples from deeper sediments were the Marine Benthic Group B (MBGB; 4.7–15 % in 
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deeper vs. 0.5–1.9 % in surface sediments) and Thermoplasmata (13–17 % in deeper vs. 4–10 % in 
surface sediments).  
Up-to-family-level relative abundance information on bacterial and archaeal populations at each 
sampled depth are given in supplementary data sheets S1 and S2, respectively.  
3.3 Organic matter-linked microbial populations in the subsurface sediments 
More sediment samples retrieved from the gravity core (HE 376-007-5) allowed the possibility to 
match the depth-wise distribution of bacterial and archaeal populations detected in deeper sediments to 
TOC content at depths from which samples were chosen for microbial molecular analysis. Microbial 
populations belonging to Chloroflexi (ρ = 0.928, p-value = 0.01; mainly Dehalococcoidales, candidate 
order GIF9), Thermoplasmata (ρ = 0.812, p-value = 0.07), and a candidate order of the MCG 
(pGrfC26; ρ = 0.899, p-value = 0.03) showed strong correlations to TOC (Fig. 8, Table S3).  
4 Discussion  
 
To investigate how organic matter composition and diagenesis may be associated with specific 
microbial populations in sediments of the Helgoland mud area, we characterized the molecular 
composition of the WE-OM pool of bulk organic matter in the surface and subsurface sediments. In 
addition, general microbial composition of the Helgoland mud area was also studied. Our findings, as 
discussed below, reveal important differences in the molecular composition of WE-OM and organic 
matter bioavailability, which likely has consequences on microbial populations dominating in surface 
and subsurface sediments.  
4.1  Sources and bioavailability of organic matter in surface sediments  
The relative 13C enrichment values (δ13C of TOC is -23.1 to -23.4 ‰) in surface sediments is 
indicative of higher contributions of marine derived organic matter such as algal materials (Dauwe and 
Middelburg, 1998; Holtvoeth, 2004; Sangiorgi et al., 2005). Algal organic matter consists of a higher 
portion of aliphatic molecules and it has previously been shown that near-surface pore-water DOM 
from open marine sites with a predominance of algal material contains more molecular formulas with 
elevated H/C ratios (Schmidt et al., 2009). In line with this were the high H/Cwa ratio and higher 
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abundances of saturated and unsaturated aliphatic compounds (groups 4 and 5) in WE-OM from the 
surface sediment of the Helgoland mud area. In the van Krevelen diagram (Figure 9A), this difference 
in the WE-OM composition between surface and subsurface sediment is illustrated by elevated relative 
intensities of aliphatic compounds with low O/C ratios in the surficial WE-OM (orange to red color). 
Not only a change in the main organic matter source could explain the variations between WE-OM in 
the surface and the subsurface sediment but also differences in the reactivity of different organic 
matter types. Saturated aliphatic compounds (group 5), which might contain fatty acids and 
carbohydrates, are considered as easily biodegradable components of marine organic matter and 
quickly lost during early diagenesis (Freese et al., 2008). Unsaturated aliphatic hydrocarbons (group 4) 
including N-containing compounds, which are also relatively easy to metabolize, are most likely 
intermediates of protein degradation (Schmidt et al., 2011, 2014). The higher biodegradability of 
saturated and unsaturated aliphatic compounds might result in their lower abundances in the deeper 
sediment compared to samples from the surface sediments (Fig. 3). Similarly, the higher abundance of 
CHO-N3-4 formulas in the surface sediment relative to deeper sediments suggests that the N-rich 
compounds are preferentially degraded in the surface sediment. This is consistent with reports of 
preferential degradation of N-rich organic matter in marine sediments (Cowie and Hedges, 1991; 
Freudenthal et al., 2001; Sinkko et al., 2013; Schmidt et al., 2014; Barber et al., 2014).  
4.2 Sources and bioavailability of organic matter in deeper sediments 
The 13C depletion of TOC in sediments from the SMT area and below is consistent with an elevated 
proportion of terrestrial organic matter in the subsurface sediment (Fig. 1). TOC showed only minor 
variations in δ13C in subsurface sediments, which is suggestive on homogeneous sources. High 
sedimentation rates in the Helgoland mud area in the past (Hebbeln et al., 2003) were presumably 
associated with a high input of terrestrial, relatively recalcitrant organic matter to deeper sediments, 
which were partly deposited during periods of heavy storms and disintegration of parts of the 
Helgoland Island (Hebbeln et al., 2003). Terrestrial organic matter is known to show greater 
recalcitrance in marine sediments compared to algal-derived organic matter (Andersen and Kristensen, 
1992; Meyers and Ishiwatari, 1993; Meyers, 1994; Rontani et al., 2012). One reason for this could be 
pre-ageing of terrestrial organic matter en-route the marine system or its higher susceptibility to 
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encapsulation by accompanying minerals (Mayer, 1994; Keil, 2011; Lalonde et al., 2012; Riedel et al., 
2013; Barber et al., 2014). In general, selective degradation strongly modifies the characteristics of 
residual organic matter in sediments (Meyers, 1994; Zonneveld et al., 2010). As microbes 
preferentially degrade the easily-utilizable portion of bulk organic matter, the more recalcitrant 
fractions selectively accumulate in deeper sediments (Cowie and Hedges, 1994; Wakeham et al., 
1997). The generally higher abundances of CHO as well as CHO-N1-2 in the deeper sediments (Fig. 2) 
suggest that in the Helgoland mud area, a larger portion of the compounds represented by these 
formulas is relatively refractory. In the same vein, PCA compounds (group 1), highly aromatic 
compounds (group 2) and highly unsaturated compounds (group 3) are likely to harbor a larger 
proportion of recalcitrant compounds, as they are more abundant in deeper sediments (approx. 80 % 
vs. 60 % in deeper vs. surface sediments respectively; Fig. 3). However, we cannot rule out that these 
differences additionally result from the change in organic matter source from a former more terrestrial 
influenced system to the modern marine predominated system. Nevertheless, lower H/Cwa and higher 
O/Cwa  ratios (Table 2) of WE-OM in subsurface sediments relative to surface sediments (see also 
higher relative intensities of unsaturated formulas with elevated O/C ratios in Fig. 9A) suggest 
degradation of organic matter over time in the subsurface sediments (Blair et al., 1985; Seidel et al., 
2014). Additionally, changes in the abundance of different organic matter groups within the 
subsurface sediment were most likely related to organic matter degradation (Tfaily et al., 2015). The 
percentage relative intensities of PCA and highly aromatic formulas (mostly CHO compounds) show a 
slightly decreasing trend in the methanic zone (Fig. 3). This could be a result of a slow degradation of 
these formulas groups by microorganisms in the methanic zone. 
4.3 Microbial populations and organic matter degradation in surface sediments 
The quality and sources of organic matter in surface sediments of the Helgoland mud area is reflected 
in the microbial community composition. The higher proportion of labile algal-derived aliphatic 
organic matter was apparently an attractive substrate for the dominant bacterial groups. For example, 
members of the Gammaproteobacteria, Alphaproteobacteria, and Bacteroidetes have been observed 
to be involved in the initial degradation of algal-derived organic matter in marine waters and 
sediments (Gutierrez et al., 2011; Teeling et al., 2012; Landa et al., 2014; Ruff et al., 2014; Miyatake 
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et al., 2014). In addition, Flavobacteriaceae, the dominant members of the Bacteroidetes in surface 
sediments of our study site (S1, Tables 1 and 2), have been consistently enriched in plankton-amended 
microcosm incubations as well as in natural phytoplankton blooms (Kirchman, 2002; Abell and 
Bowman, 2005; Bauer et al., 2006; Teeling et al., 2012). A recent study in an Arctic fjord  
(Smeerenburgfjord, Svalbard) has suggested a role in polysaccharide hydrolysis for members of the 
Verrucomicrobia phylum (Cardman et al., 2014). The occurrences of Cyanobacteria, Acidobacteria 
and some members of the Chloroflexi (namely candidate class Ellin 6529; S1, Tables 1 and 2) mainly 
in the surface sediments (Fig. 7A) suggest that they may be better adapted to fresh organic matter. 
Dominant Deltaproteobacteria in surface sediments, namely Desulfobulbaceae, 
Desulfuromonadaceae, and Desulfobacteraceae (S1, Tables 1 and 2), include various sulfate-, sulfur-, 
and metal-reducing bacteria that may specialize in the oxidation of low-molecular weight organic 
compounds fermentatively produced from upstream degradation of the heavier organic molecules 
(Lovley et al., 1993, 1995; Muyzer and Stams, 2008). Ammonia resulting from organic matter 
degradation is a potential substrate for the dominant Thaumarchaeota (mainly Cenarchaeaceae), 
which include known ammonia-oxidizing archaea such as Nitrosopumilus maritimus (Könneke et al., 
2005) and Candidatus Nitrosopumilus koreensis (Park et al., 2010). Candidate division Parvarchaea 
also constitute a dominant archaeal group in surface sediment; due to the lack of cultured members, no 
ecological role can be assigned to this candidate phylum.  
4.4 Microbial populations and organic matter degradation in deep sediments  
The recalcitrant nature of organic matter in subsurface sediments may have selected for specific 
microbial populations capable of its utilization, resulting in lower bacterial and archaeal diversity 
compared to surface sediments (Fig. 5). WE-OM from the subsurface sediments showed higher 
abundances of highly unsaturated compounds compared to the surface sediment (Fig. 9A) that may 
include CRAMs (Hertkorn et al., 2006) and some plant-derived materials rich in lignin/lignocellulosic 
molecules (Sleighter and Hatcher, 2008). Microbial populations dominant in deep sediments of our 
study site (Chloroflexi, candidate division JS1, MCG and Thermoplasmata, Figs. 7A and 7B) are 
consistent with those regularly found in marine subsurface sediments ( Parkes et al., 2005; Biddle et 
al., 2006, 2008; Inagaki et al., 2006; Webster et al., 2007; Durbin and Teske, 2012; Schippers et al., 
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2012), most of which have been linked to heterotrophic metabolism (Biddle et al., 2006; Webster et 
al., 2007; Lloyd et al., 2013). In addition, the strong covariance of Chloroflexi (mainly 
Dehalococcoidales, ρ = 0.81 and candidate order GIF 9, ρ = 0.75) and MCG archaea (mainly 
candidate order pGfrC26, ρ = 0.89) and Thermoplasmata (ρ = 0.81) to the depth profile of TOC in 
sediment core HE376-007-5 (Fig. 8) suggests that these organisms are important for organic matter 
degradation in subsurface sediments of the Helgoland mud area as well. The observed shift of 
molecular signatures (mostly among CHO compounds) from high O/C and low to intermediate H/C 
ratios towards lower O/C and higher H/C ratios with increasing depth in the methanic zone suggests 
microbial utilization of these O-rich highly unsaturated and aromatic compounds via potential 
reactions such as reduction or decarboxylation (Fig. 9B). A similar shift has previously been observed 
in the subsurface sediments of peatlands where organic matter is considerably reactive (Tfaily et al., 
2013, 2015). This offers an interesting new perspective to the range of organic matter potentially 
available for microbes in deep sub-seafloor as complex molecules such as for example, CRAM-like, 
lignin-like and tannin-like structures, as well as condensed aromatic molecules, have previously not 
been considered to be an important energy source for subsurface microbes. In line with our finding 
here, a role in fermentation of plant polymers (such as pyrogallol) has recently been predicted for a 
member of the candidate order GIF9 (Hug et al., 2013). In addition, members of the Dehalococcoidia 
are also known to be involved in the reductive degradation of substituted aromatic hydrocarbons 
(Alfreider et al., 2002; Fennell et al., 2004; Wasmund et al., 2014; Pöritz et al., 2015). Candidate order 
pGrfC26, similar to Rice Cluster IV (Großkopf et al., 1998), and sub-grouped into the MCG-A or class 
6 MCG (Meng et al., 2014), have been largely enriched in lignocellulose-amended cultures (Peacock 
et al., 2013) and may also have a role in the degradation of lignin monomers such as protocatechuate 
(Meng et al., 2014). Functional potential of organisms such as members of Chloroflexi and MCG in 
the degradation of aromatic compounds may have contributed to the molecular changes in CHO 
fractions of at least, PCA and aromatic formulas (group 1 and 2) below the SMTZ of our study site. 
Potential for degradation of aromatic compounds were found in other Chloroflexi- and MCG- 
dominated subsurface sediments- e.g. in the Sonora Margin, Guayamas Basin, where genes 
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responsible for degradation of aromatic hydrocarbons such as ethylbenzene and ethylphenol increased 
in proportion with depth (Vigneron et al., 2014).  
The presence/higher abundances of candidate lineages such as OP1, OP8, WS3, and LCP-89 and 
Planctomycetes (mostly Phycisphaerae), Elusimicrobia (formerly Termite Group I), Spirochaetes and 
Actinobacteria in the subsurface in relation to the surface sediments of the Helgoland mud area 
suggests that they are better suited to the conditions or more important therein. Firmicutes in our site, 
mostly belonging to the Bacillales and Clostridiales (S1, Tables 1-8), appear less selective as they are 
equally abundant in the surface and subsurface sediments.  
4.5  Methanogenesis and AOM 
Methanogenesis is the terminal step of organic matter degradation (Schink, 1997). The presence of 
methanogenic populations belonging to Methanosarcinaceae (harbor methylated C1 compounds, 
hydrogen and acetate utilizers), Methanosaetaceae (acetoclastic methanogenesis), 
Methanomicrobiales (hydrogenotrophic methanogenesis) and Methanocellales (hydrogenotrophic 
methanogenesis) suggest the potential for all three major pathways of methanogenesis in our site (Fig. 
7B). Methylotrophic methanogenesis has also been reported in members of the Thermoplasmata (Paul 
et al., 2012; Dridi et al., 2012; Poulsen et al., 2013; Iino et al., 2013). Thermoplasmata detected in this 
study all belong to the candidate order E2, a member (Candidatus Methanogranum caenicola) of 
which has recently been reported to reduce methanol to methane using hydrogen as an electron donor 
(Iino et al., 2013). Although in lower concentrations compared to surface sediments, methanol has 
been detected in pore waters  of subsurface sediments of the Black Sea (Zhuang et al., 2014) and its 
source has been attributed to degradation of terrestrially-derived macromolecules such as lignin and 
pectin (Donnelly and Dagley, 1980; Schink and Zeikus, 1980). This may explain the strong covariance 
of Thermoplasmata with TOC (ρ = 0.812, p-value = 0.07) in subsurface sediment samples studied 
here. If the ability to utilize methylated C1 compounds is widespread among members of the candidate 
order E2, such methanogenic pathway may be very important in subsurface sediments of the 
Helgoland mud area as Thermoplasmata account for up to 17 % of total archaeal populations in deeper 
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sediments based on our sequencing method (Fig. 8B). However, analysis of mcrA genes and 
incubation studies on these sediment samples will be necessary to verify this hypothesis.  
Potential for anaerobic oxidation of methane in the Helgoland mud area is reflected by the abundances 
of ANME populations (ANME-1 and ANME-2c). The highest combined abundance of ANME 
populations (approx. 30 % of archaeal populations) and the highest presence of Deltaproteobacteria 
(mostly Desulfobacteraceae) found in the SMT area are consistent with the distinctiveness of this zone 
as the active site for AOM coupled to sulfate reduction (Boetius et al., 2000). Nevertheless, potential 
for AOM in the Helgoland mud area may extend deeper into the methanic zone as ANME-1 were 
detected in all samples taken below 30-55 cm depth (4-8 % of archaeal populations), in analogy to 
previous observations (Lloyd et al., 2011) and ANME-2c were also found in high proportion at 
230−255 cm (16 % of archaeal population).  
5 CONCLUSIONS 
Our study suggests that the amount and composition of organic matter are important determinants of 
microorganisms dominating surface and subsurface sediments of the Helgoland mud area (e.g. as seen 
in Fig. 8). While nitrogen-rich, aliphatic organic compounds of presumed algal origin are mostly 
available for microorganisms in surface sediments, the subsurface sediments are dominated by 
aromatic and unsaturated phenolic compounds that presumably originate from terrestrial sources. 
Microorganisms dominating subsurface sediments of our study site are consistent with those 
commonly found in other marine subsurface sediments. These dominant bacterial and archaeal 
populations are strongly correlated to the TOC content, suggesting involvement in degradation of 
organic matter in the Helgoland mud area. Consistently, we observed molecular transformations in the 
water-extractable (potentially microbially-available) portion of bulk organic matter in subsurface 
sediments (particularly within the methanic zone) showing a shift from a higher abundance of O-rich 
molecules in the shallower subsurface (higher O/C ratio) towards a higher abundance of more reduced 
compounds (with higher H/C and lower O/C ratios). The molecular shifts were most pronounced for 
CHO compounds. The assemblage of formulas corresponds to PCA, aromatics and highly unsaturated 
molecules that may include lignins, tannins, CRAM equivalents (groups 1-3), and is consistent with 
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recent findings that O-rich compounds are also preferentially depleted in highly-reactive peatland 
subsurface sediments (Tfaily et al., 2015). We therefore conclude that organic matter with such 
oxygen-rich phenolic and aromatic compounds may be an important energy source for 
microorganisms inhabiting marine subsurface environments characterized by high depositional rates 
such as the Helgoland mud area as well. These findings could accelerate ongoing efforts to culture 
microorganisms or enrich active microbial consortia in the marine subsurface sediments.  
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Table 1. Concentrations of dissolved organic carbon (DOC), total dissolved nitrogen (TDN), their 










(%TOC) Sample  
HE421-004_4-6 cm 1103.94 134.82 8.19 0.20 0.98 9.79 2.05 
HE406-8_30-55 cm 827.34 64.90 12.75 0.14 0.81 8.06 1.72 
HE406-8_130-155 cm 913.74 88.62 10.31 0.20 0.86 8.55 2.38 
HE406-8_230-255 cm 1078.14 113.82 9.47 0.20 1.60 15.95 1.23 
HE406-8_330-355 cm 976.74 103.32 9.45 0.19 1.14 11.36 1.65 
HE406-8_430-455 cm 1468.47 154.47 9.51 0.25 1.36 13.55 1.84 
 
 
Table 2. Number of molecular formulas, weighted averages (wa) of DBE, molar ratios of oxygen, 
hydrogen, carbon, nitrogen atoms and charge to mass ratios of water-extractable organic matter as 








formulas DBEwa H/Cwa O/Cwa C/Nwa ratio m/zwa 
HE421-004_4-6cm 4858 7.22 1.35 0.47 12.83 367.02 
HE406-8_30-55 cm 5805 8.88 1.17 0.52 21.92 389.44 
HE406-8_130-155 cm 6348 8.42 1.20 0.54 24.46 391.95 
HE406-8_230-255 cm 6899 8.53 1.21 0.51 24.55 392.20 
HE406-8_330-355 cm 6780 8.43 1.21 0.52 22.47 391.04 










Fig. 1. Depth profiles of TOC, TN, stable carbon and stable nitrogen in surface and subsurface sediments of the 
Helgoland mud area. Surface sediment; core UT2012 (blue triangle), surface sediment; core HE421-003 (brown 
triangle), deep sediment; core HE376-007-5 (blue diamond), deep sediment; core HE376-007-2 (high-








Fig. 2. Depth-wise relative abundance distribution of intensities of molecular formulas groups classified based 
solely on heteroatoms (N, S, and P) contents. Surface sediment samples (4-6 cm) are obtained from core 












Fig. 3. Depth-wise relative abundance distribution of intensities of compound groups classified based on 
modified aromaticity index (AImod), H/C and O/C ratios. At each depth, compound groups are further divided 
based on heteroatoms (N, S, and P). Surface sediment samples (4-6 cm) are obtained from core HE421-003. 
















































































































Fig. 5. Shannon and Chao1 diversity indices of Bacteria and Archaea in surface and deep sediments of the 










Fig. 6. Rarefaction curves of bacterial and archaeal OTUs (97% cut-off) detected at the depths sampled in 





























































































Fig. 8. Depth profiles of dominant Bacteria (Chloroflexi) and Archaea (Thermoplasmata and MCG) in 
relation to TOC content at sediment depths from which DNA was extracted for pyrosequencing analysis 


























Fig. 9. Differential van-Krevelen diagrams compare the relative formula intensities of CHO compounds between 
two samples showing molecular variations between surface and subsurface sediments, (A) and between two 
subsurface sediments, (B). Higher formula intensities in each of the shallower samples relative to the deeper 
samples is indicated by positive values (orange to red color) whereas negative values (blue to purple color) 










Figure S1. ESI negative FT-ICR mass spectra of WE-OM extracted from the sediment cores of Helgoland 
mud area. Largest peaks are contaminants (listed in the surfactant database: http://www.terrabase-










Figure S2. FT-ICR mass spectra on the mass 385 Da for WE-OM with increasing sediment depth from top to 
bottom. Symbols refer to different compound groups and homologous series. Homologous series are defined as 
the functional relationship between molecular formulas that differ by a specific mass difference equivalent to a 






























































































Distinct microbial populations are tightly linked to the profile of dissolved iron in the methanic 
sediments of the Helgoland mud area, North Sea 
Oluwatobi Oni1,2, Tetsuro Miyatake1, Sabine Kasten2,3, Tim Richter-Heitmann1, David Fischer2,3, 
Laura Wagenknecht3, Ajinkya Kulkarni1, Mathias Blumers4, Sergii I. Shylin4,6,Vadim Ksenofontov4, 
Benilde  F.O. Costa5, Göstar Klingelhöfer4, Michael W. Friedrich1,2 
1. SUPPLEMENTARY METHOD 
 
 
ARCHAEAL 16S rRNA GENE CLONING AND SEQUENCING 
Cloning was done to obtain long archaeal 16S rRNA genes (ca. 1.3 to 1.4 kbps) in order to validate the 
phylogenetic placement of methanogen sequences provided in Fig. 9. DNA extract from two depths of 
the sediment 55 cm - 80 cm and 330 cm - 355 cm (Fe2+ maximum) were used for PCR amplification of 
archaeal 16S rRNA genes with primer pairs Arch109F 
(5’ ACKGCTCAGTAACACGT 3’) (Großkopf et al., 1998) and Arch1492R (5’ 
GGCTACCTTGTTACGACTT 3’) (modified from Miyashita et al., 2009)). Purified PCR products 
were cloned into pGEM-T vector system (Promega, Mannheim, Germany) and positive clones were 
selected using the blue-white screening assay. 16S rRNA gene fragments were amplified by colony 
PCR (Subcloning Notebook Guide, BR152,Promega) using plasmid specific M13F-40 (5’ 
GTTTTCCCAGTCACGAC 3’) and M13b (5’ CAGGAAACAGCTATGAC 3’) primers (Promega) 
and PCR products were submitted to LGC Genomics (Berlin, Germany) for bi-directional Sanger 
sequencing using M13 primers. Forward and reverse sequences were merged using SeqMan Pro (DNA 
Star, version 8.1.2 (33.3), 418) and saved as FASTA files. Clone sequences were aligned using SINA 
aligner (www.arb-silva.de/aligner) (Pruesse et al., 2007) with the archaeal variability profile. The 
alignment was imported and curated in ARB version 6.0.2 (Ludwig et al., 2004) using the archaeal 
SSU filter. Taxonomic identification was done by inserting the aligned sequences into the 16S rRNA 
gene SILVA non-redundant reference database (SSU Ref NR 99, Version 119 (Quast et al., 2013)) 
using the ARB Parsimony tool. Sequences belonging to families containing known methanogens were 
86 
 
selected and re-aligned along with archaeal OTUs obtained from 454 sequencing using the SINA 
aligner. The aligned sequences were used to generate a maximum likelihood tree with 200 bootstraps 
using MEGA 5.2.2 (Tamura et al., 2011) and the General Time Reversal (GTR) substitution model. 
Archaeal 16S rRNA sequences from clone libraries have been submitted to NCBI GenBank under the 







Fig S1.Maximum likelihood tree of archaeal 16S rRNA gene sequences showing the phylogenetic 
affiliations of methanogen and ANME-3 sequences from 454 sequencing (Helgoland_meth, ca.200bp 

























































































retained their positions as presented in Fig. 9. Helgoland_meth7 is closely related to 
Methanohalobium/ANME-3. Clostridium carboxidivorans (FR733710), Desulfuromonas 
svalbardensis (AY835388) and Desulfuromonas michiganenesis (AF357915) serve as outgroups. Bar 
represents 20% sequence divergence. 
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Abstract 
It is a three decade old observation that when poorly-crystalline Mn(IV) is added to marine 
sediments, there is a rapid formation of sulfate which is linked to biological activity. However, 
knowledge of the diversity of microorganisms involved in this reaction is limited. The rapid 
enrichment (55-60 % of total bacteria in 4 days from about 1% on day 0) of novel uncultured 
Deltaproteobacteria (Marine Sediment Manganese-reducing Enrichment, MSME Cluster) in 
MnO2 (birnessite)-amended slurry incubations with sediment from the Helgoland mud area 
further expand the diversity of microbes involved in Mn (IV)-dependent sulfate formation in 




Manganese (IV) reduction in marine sediments holds an important role in the cycling of elements such 
as carbon, sulfur, iron and phosphorus (Burdige, 1993). Regardless, most studies have focused on iron 
reduction and microorganisms involved (Coates et al., 1995; Zhang et al., 1999; Vandieken et al., 
2006; Finke et al., 2007; Vandieken and Thamdrup, 2013) resulting in a dearth of literature addressing 
the diversity of microbes involved in manganese reduction in marine sediments. Recently, 
heterotrophic Mn (IV) reduction is receiving more attention (Thamdrup et al., 2000; Vandieken et al., 
2012; Berg et al., 2013) despite the critical importance of chemolithotrophic manganese reduction in 
marine environments already identified almost 30 years ago (Aller and Rude, 1988) . Microorganisms 
such as species of Shewanella (Lovley et al., 1989) are able to gain energy from coupling the 
oxidation of hydrogen to Mn (IV) reduction. In marine sediments, Mn (IV) can also serve as a 
powerful oxidant for solid phase and dissolved sulfides (Burdige and Nealson, 1986; Aller and Rude, 
1988). Although, Mn (IV) reduction can be exclusively chemical (Schippers and Jørgensen, 2001), it 
has been shown that some microorganisms  are capable of partly mediating the reduction of Mn (IV) 
with reduced sulfur compounds (Burdige and Nealson, 1986; Lovley and Phillips, 1994). 
Nevertheless, the diversity of microorganism involved in sulfur-dependent Mn (IV) reduction is not 
known.  
Elevated concentrations of dissolved manganese have been detected in pore water of subsurface 
sediment of the Helgoland mud area (Fig. S1). The expected depletion of easily-mineralizable organic 
matter for microbes in subsurface sediments relative to surface sediments, prompted us to test for the 
potential for chemolithotrophic manganese reduction. In addition, hydrogen is the likely reductant 
formed from the reaction of FeS with excess sulfide during a “cryptic sulfur cycling” in the methanic 
zone (Holmkvist et al., 2011) hence, the selection of hydrogen as a candidate electron donor for testing 
chemolithotropic Mn (IV) reduction in this study.  
In slurry incubations with sediments from the Helgoland mud area, we therefore test the potential for 
chemolithotrophic Mn(IV) reduction. Using molecular techniques such as quantitative PCR (Q-PCR), 
Terminal Restriction Fragment Length Polymorphisms (TRFLP) and pyrosequencing, we also 
quantified and characterized shifts in microbial populations in slurry incubations with time in order to 
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investigate the involvement and possibly expand the diversity of microorganisms linked to 
chemolithotrophic Mn (IV) reduction in marine sediments.   
Geochemistry: Sediment (10 g) collected from subsurface sediments of the Helgoland mud area as 
described in Oni et al., 2015, was used to inoculate 30 ml of anoxic artificial sea water (ASW) in 120 
ml serum vials. ASW medium contained (g/l): NaCl; 26.4, MgCl2; 11.2, CaCl2.2H2O; 1.5, KCl; 0.7. 
Any traces of oxygen in slurry incubation was further removed by expelling headspace gases from 
serum vials under gentle swirling, using a vacuum pump (CVC 3000, Vacuubrand GmbH, Germany). 
After every 5 min purge, headspaces were filled with N2 (99.999 % purity) and these procedures were 
repeated 3 times. In vials, where the addition of an electron donor (H2/CO2, 80:20, 0.2 bar) was not 
required, headspaces were filled N2 gas. As electron acceptor, birnessite (amorphous MnO2, 30 mmol 
L-1) was used. Birnessite was synthesized according to McKenzie (1971). Briefly, 2 moles of 
concentrated hydrochloric acid was added dropwise to a boiling solution of one mole KMnO4 (Sigma-
Aldrich, Taufkirchen, Germany) in 2.5 ml of sterile deionized water, under vigorous stirring. After 10-
15 min of further boiling, the mixture was allowed to cool as brownish precipitates settled. The 
precipitate was washed 5 times with de-ionized water to remove impurities before transfer into 
centrifuge tubes. Wet precipitates were centrifuged 3 times at 3,834 g for 10 min at room temperature 
using a Sorvall Evolution RC Centrifuge (Thermo Scientific, Germany). After each centrifugation 
step, the supernatant was decanted and pellet was rinsed with de-ionized water. 
Sediment slurries were incubated for 15 days at 10 °C and 1 ml of slurries were anoxically sampled on 
days 0, 4, 9, and 15 with sterile syringes into 1.5 ml microreaction tubes and centrifuged at 20,000 g. 
500 μl of the supernatant was fixed in 0.16 M nitric acid (1:10 v/v) and the solution for analysis of 
geochemical parameters (dissolved Mn, Fe and S). The sediment pellets were frozen at -20°C until use 
for microbial community analysis. Dissolved Fe, Mn and S in the aqueous phase were determined 
using inductively-coupled plasma optical emission spectrometry (ICP-OES; 700 Series, Agilent 
Technologies, Germany). Sulfate concentration was determined using a Metrohm Compact IC 761 ion 
chromatograph.  
Manganese reduction was strongly stimulated in incubations where MnO2 was added in relation to 
control incubations without addition MnO2 (Fig. 1A). However, the formation of 4 − 6.5 times more 
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dissolved Mn in slurry incubations with  H2/CO2 and MnO2 over the course of incubation, compared to 
sediment slurries treated with MnO2 only, suggest that hydrogen strongly stimulated manganese 
reduction directly. In treatments with H2/CO2 only, dissolved Mn only accumulated to 50 μM by day 
15 from 12 μM on day 0 (Fig. 1A). In these incubations, dissolved Fe increased to an average of ~ 430 
μM from ~150 μM on day 0 (n=2, Fig. 1B). Systematic tests showed that CO2 was the component 
responsible for the unexpectedly high concentration dissolved Fe on day 0 (Fig. S2). This is perhaps 
caused by a rapid change in pH of slurry by CO2 headspace addition, resulting in dissolution of bound 
iron minerals. However, measured pH (7.7, data not shown), was the same across test incubations 
(Fig.S2) with the different treatments. Equilibrium may have been quickly re-established due to the 
high pH buffer capacity of marine sediments (Widdicombe et al., 2011), causing pH to remain at 7.7. 
Overall, the high dissolved Fe is consistent with the presence of excess reactive/easily reducible iron 
minerals deeply buried in the Helgoland mud area (Oni et al., 2015).  
In line with the observations of Aller and Rude (1988), and King (1990), sulfate rapidly developed in 
slurry incubations containing MnO2. From day 0 to day 15, average sulfate concentrations (n=2) in 
incubations with MnO2 and MnO2 + H2/CO2 increased from 28 μM to 730 μM and 35 μM to 1303 
μM, respectively (Fig. 1C). The observation of a similar trend but higher concentrations of total 
dissolved S (Fig. 1D, relative to sulfate concentrations), suggest the presence of soluble intermediate 
sulfur species. The source of sulfate formed in marine sediments on addition of amorphous Mn (IV) 
has been predicted to be iron monosulfide (Aller and Rude, 1988; King, 1990) with dissolved sulfur 
species as intermediates (Aller and Rude, 1988). Mn (IV) in marine sediments can also be reduced by 
hydrogen sulfide (Burdige and Nealson, 1986). Since free dissolved sulfide is completely depleted in 
our system (Oni et al., 2015), solid phase sulfide must have accounted for the entire sulfate detected. 
In slurry incubation treated with H2/CO2 only, sulfate was reduced from ~27 μM on day 0 to ~7 μM 
by day 15 (Fig. 1B). Aller and Rude (1988), King (1990) have reported significant inhibition of sulfate 
reduction in the presence of MnO2 reduction. However, 
35SO4-radiotracer experiments will be 
necessary to determine whether hydrogen fueled sulfate reduction under MnO2-dependent metal 


















Fig. 1: Time course measurements of total manganese (A), total iron (B), sulfate (C) and total sulfur 
(D) in aqueous phase of sediment slurry incubations. n=2 
 
Bacterial Q-PCR and Community Analysis: Since the difference in dissolved Mn concentrations 
between slurry incubations treated with H2/CO2 + MnO2 and MnO2 alone was highest on day 4 (6.5 
times compared to 4 times on day 9, Fig. 1A), slurry samples taken at this time point were used to 
determine changes in the 16S rRNA gene copies and shifts in bacterial community. 16S rRNA gene 
Q-PCR quantification was performed as described in Oni et al., 2015. Fingerprints of bacterial 
community shifts were analyzed using Terminal Restriction Fragment Length Polymorphism (T-
RFLP, see suppl. info for details). 16S rRNA genes bacterial community composition was mainly 
determined via pyrosequencing-based sequencing of 16S rRNA gene amplicons (see details of 
amplicon generation in suppl. info). Amplicon sequencing and analyses of sequences are as described 
in Oni et al., 2015. Numbers of analyzed reads per sample are given in (Table S2).  
TRFLP cluster analyses revealed that by day 4, bacterial communities had shifted similarly in 




shift was attributable to the rapid dominance of Deltaproteobacteria populations in those incubations 
in contrast to typical subsurface sediments bacteria, Chloroflexi and candidate division OP9 (JS1), 
dominating incubations on day 0 (Fig. S3B). Deltaproteobacteria accounted for 74-76 % of total 
bacteria population in MnO2- containing incubations in comparison to incubations treated with H2/CO2 
alone (18 %), Fig. S3B. Q-PCR (Table 1) shows that gene copies in incubations treated with H2/CO2 
and MnO2 were higher than those treated with MnO2 alone (~ 3 folds) and H2/CO2 alone (~10 folds).   
These results, so far, suggest that: 1. there is a biological component to the oxidation of metal sulfides 
with MnO2 in our incubations and Deltaproteobacteria area most likely the main players in this 
process, consistent with earlier reports (Aller and Rude, 1988; King, 1990; Thamdrup et al., 1993; 
Lovley and Phillips, 1994). 2. In addition to metal sulfides, the presence of hydrogen as an electron 
donor further enhanced manganese reduction by certain members of the Deltaproteobacteria, agreeing 
with the detection of higher concentrations of dissolved Mn in treatments with both H2/CO2 and MnO2 
(Fig. 1A). 





Further analyzing of the distribution of Deltaproteobacteria across all treatments showed that the 
rapid dominance of this group in MnO2-containing incubations was mainly due to the occurrence of 
novel unclassified Deltaproteobacteria populations (as annotated by the greengenes database v12-10; 
Fig. 2). To confirm the phylogenetic identities of unclassified Deltaproteobacteria populations, full-
length 16S rRNA clone sequences (see supplementary information for details) were obtained with 
DNA extracted from incubations treated with MnO2 and H2/CO2 (representative of MnO2-containing 
incubations, Fig. 3). Phylogenetic treeing of pyrosequencing- and clone library-derived 
Deltaproteobacteria sequences (Fig. 3), using ARB and MEGA software (see details in supplementary 
information), showed that novel unclassified Deltaproteobacteria formed a distinct cluster in the 
phylogenetic radiation of Desulfobulbus-Desulfocapsa groups (Fig. 3). This cluster was tentatively 
gene copies g-1 wet sed.-1 
Treatments day 0 day 4 
Mn(IV) + H2 1.39E+08  ± 2.31E+06 
Mn(IV) only 1.09E+07 ± 6.65E+06 4.59E+07 ± 3.12E+06 
H2 only   1.13E+07 ± 2.65E+05 
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named Marine Sediment Manganese-reducing Enrichment, MSME cluster. Like the MSME cluster, 
members of the Desulfobulbaceae (mostly Desulfocapsa groups, Figs. 2 and 3) were more dominant in 
MnO2-containing incubations in relation to incubations treated with H2/CO2 only (5.0 − 8.4 % vs. 0.7 
% of total bacteria, respectively). However, while Desulfocapsa are known to disproportionate 
intermediate sulfur species such as elemental sulfur (Janssen et al., 1996; Finster et al., 1998), the roles 
of MSME cluster are not known yet. With the current results, one could predict that they are involved 
in the metabolisms of sulfur compounds in our slurry incubations experiments. A close relative of 
MSME cluster sequences detected in our incubations (Fig. 3) have been found to colonize sulfur bags 
buried in tidal flat sediments under anoxic conditions (Pjevac et al., 2014). Relatives of 
Desulfobulbus-Desulfocapsa groups were also enriched near active anodes where elevated sulfate 














Fig. 2: Relative abundances of pyrosequencing-derived Deltaproteobacteria 16S rRNA gene sequence 
reads in sediment slurry incubations. Unclassified Deltaproteobacteria rapidly dominated MnO2-




MnO2 is able to chemically reduce metal sulfides mainly to elemental sulfur (Schippers and Jørgensen, 
2001). It is possible that  members of the MSME cluster further metabolized elemental sulfur via 
disproportionation or directly coupled its oxidation to the reduction of excess MnO2, forming sulfate 
(Lovley and Phillips, 1994).  
Bacterial groups similar to MSME cluster members, for example, some Desulfobulbus species are 
known to utilize hydrogen as electron donor in addition to being able to oxidize sulfur directly to 
sulfate by reducing electrodes poised at +512 mV (Holmes et al., 2004), similar to the potential of 
birnessite (δ-MnO2/Mn2+; 500-600 mV, Thamdrup, 2000). It is therefore, conceivable that in addition 
to sulfur compounds, members of the MSME cluster might be able to utilize hydrogen as higher gene 
copy numbers were detected in slurry incubations treated with MnO2 + H2/CO2 than those treated with 
MnO2 only, albeit more or less similar microbial community shifts (Figs. 2, S3A and B). However, 
MnO2 reduction with hydrogen could also have been performed by members of the 
Desulfuromonadales, which make up (of total bacterial populations) 10.5 % in MnO2 + H2/CO2 treated 
incubations compared to 8.4 % in those treated with MnO2 only (Fig. 2). In incubations treated with 
H2/CO2 only, the dominance of Desulfuromonadaceae (Fig. 2) relative to other Deltaproteobacteria is 
likely linked to iron reduction observed in those incubations (Roden and Lovley, 1993; Coates et al., 
1995).  
Implications and Conclusions: The finding that MSME cluster dominates bacterial populations in 
MnO2-containing sediment slurry incubations is interesting. They rapidly responded to the presence of 
excess manganese (IV) under our incubation conditions although Mn (IV) does not seem to be very 
abundant in situ, compared to Fe (III) minerals. Regardless, with the results presented here, we 
extended the inventory of microbial populations so far linked the biotic formation of sulfate on 
addition of Mn (IV). Whether via disproportionation or direct oxidation of elemental sulfur, the exact 




Fig. 3: Maximum likelihood tree of 16S rRNA gene sequences showing the phylogenetic affiliations 
of MSME cluster sequences obtained to other Deltaproteobacteria. Sequences obtained from cloning 
area shown in green while representative sequences obtained via pyrosequencing are shown in red. 
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Terminal Restriction Fragment Length Polymorphism (T-RFLP) 
T-RFLP was carried out on bacterial 16S rRNA genes with forward primer fluorescently labelled with 
6-carboxyfluorescine (FAM). 16S rRNA genes were amplified using primer pairs 27f-FAM and 907r 
(Lane, 1991). PCR reagents and conditions are as follows:  
Table S1. Concentration of reagents per PCR reaction 
Reagent Volume per reaction (μl) Final Concentration 
10X AmpliTaq buffer 2.5 1X 
2 mM dNTP 2.5 200 μM 
20 mg/ml BSA 0.25 200 μg/ml 
25 Mm MgCl2 3.0 3 mM 
10 μM Forward Primer 0.75 0.3 μM 
10 μM Reverse Primer 0.75 0.3 μM 
Nuclease-free water 13.125 − 
5U/μl AmpliTaq DNA 
polymerase 
0.125 0.025 U 
DNA template 2 μl − 









Table S2. PCR Conditions 
Temp (°C) Duration (min) 
Initial denaturation 94 5   
Final denaturation 94 0.5 
35 cycles  
Annealing 52 1 
Extension 72 1 
Final Elongation 72 7 
Hold 4 ∞   
 
PCR amplicons were purified using MinElute spin columns (Qiagen Hilden, Germany) and ~ 120 ng 
of purified 16S rRNA amplicons were digested using Msp I. Digested amplicons were purified using 
SigmaSpin post-reaction clean-up columns (Sigma-Aldrich, Germany). Purified digests were analyzed 
for fragment analysis on an ABI Prism 3130 XL Genetic analyzer (Applied Biosystems CA, USA). 
Raw data from the fragment analysis run were processed using Genemapper software 3.0 (Applied 
Biosystems, Germany). A height-based data matrix for cluster analysis was generated using the 
platform T-RFLP analysis Expedited (T-REX, Culman et al., 2009).  Peaks whose height exceeds the 
standard deviation (assuming zero mean) computed for all peaks heights across all samples were 
considered as true peaks (Abdo et al., 2006). A T-RF binning window of 0.5 was also selected. Data 
matrices were imported into the PAST software (Hammer et al., 2001) to generate a Jaccard similarity-
based cluster analysis of samples.  
Molecular Cloning and Phylogenetic Analysis 
Cloning and phylogenetic analysis of full-length16S rRNA genes ( ca 1.3 -1,.4 kbps) were done as 
described in Oni et al., 2015. However, primer pair 27F and 1492R (Lane, 1991) were used for 

















Fig. S1. Geochemical profile (HE376-007-002) of dissolved Mn in the Helgoland mud area. Shaded area 
represents SMT.  
Fig. S2. Effect of CO2 on the formation of dissolved Fe (Aand B), Mn (C) and S (D) in the aqueous phase 
of sediment slurry incubations. Dissolved Fe, Mn and S were measured immediately after sediment slurry 
incubations (with treatments) were prepared. Values from ferrozine and ICP-OES measurements of 








































































































































































  Table S2. Number of sequence reads analyzed per sample 
Number of sequences 
Treatments day 0 day 4 
Mn (IV) + H2/CO2 1487 4636 
Mn (IV) 2452 4262 
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Iron reduction in glucose-amended enrichment incubations with sediments from the 
methanic zone of the Helgoland mud area 




The very low relative (0.01-0.1%) abundance of iron-reducing Desulfuromonadales, in the 
methanic zone of the Helgoland mud area compared to surface sediments (3.5-8%), raised 
questions about their viability and iron reduction potential in the methanic zone. The possible 
biogenic origin of methane formed was also not confirmed. In addition, members of candidate 
division OP9/JS1 have been linked to iron reduction and fermentative/saccharolytic metabolisms 
but their possible role in iron reduction has not been tested in our study site. Results from 
sediment slurry incubations reported here show that Desulfuromonadales are viable and are 
capable of iron reduction in the methanic zone of Helgoland mud area. However, higher rates of 
iron reduction were observed in the presence of glucose compared to incubations without 
glucose which suggest that the subsurface sediment of the Helgoland mud area is limited in bio-
available organic matter but rich in microbially-utilizable iron (III) mineral. Contrary to 
crystalline mineral phases such as hematite, easily reducible iron mineral (ferrihydrite and 
lepidocrocite) almost completely suppressed methanogenesis. JS1 bacteria were outcompeted for 









The source of elevated dissolved iron concentrations measured in the methanic zone of the Helgoland 
mud area is currently an important subject of interest (Oni et al., 2015). Among the hypotheses 
considered is the dissimilatory reduction of iron (III) minerals coupled to the oxidation of organic 
matter by microbial population such as members of Desulfuromonadales (Roden and Lovley, 1993). 
In the surface sediments of the Helgoland mud area, the relative abundance of Desulfuromonadales 
was higher in the zone of iron reduction (3.5- 8.2 % of total bacteria, Oni et al., 2015). However, in the 
methanic zone, their relative abundance was only (0.01-0.1%). Nevertheless, it is not known whether 
Desulfuromonadales present in the methanic zone are viable and may have potentially contributed to 
iron reduction in situ. 
Recently, members of the candidate division OP9/JS1, mostly found in methane-rich sedimentary 
environments (Webster et al., 2004; Parkes et al., 2005; Inagaki et al., 2006; Webster et al., 2007; 
Parkes et al., 2007; Pachiadaki et al., 2011; Siegert et al., 2011; Chevalier et al., 2013; Lee et al., 
2013), have also been linked to iron reduction in the methanic zone of the Helgoland mud area, 
although the mechanisms of iron reduction are not known (Oni et al., 2015). These populations are 
involved in the degradation of glucose or glucose metabolites in marine sediment enrichment slurries, 
under low sulfate conditions (Webster et al., 2006, 2011). Their potential for heterotrophic and 
saccharolytic metabolisms has also been confirmed by single cell genomics (Dodsworth et al., 2013; 
Nobu et al., 2015).  
Glucose is usually one of the dominant monosaccharides in marine surface sediments (Cowie and 
Hedges, 1984; Tanoue and Handa, 1987; Moers et al., 1990) and has also been detected in 
considerable amounts in pore-water of subsurface sediments (Seifert et al., 2000). Fatty acids and 
hydrogen resulting from the fermentation of glucose can be utilized by members of the 
Desulfuromonadales (Coates et al., 1995; Greene et al., 2009). Therefore, using glucose as a potential 
energy source, we aimed to test the potential for iron reduction by Desulfuromonadales in the 
methanic zone of the Helgoland mud area. In addition, the possibility of biogenic methanogenesis and 
the competition of methanogens with iron reducers for common electron donors were investigated. 
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The dynamics of JS1 bacteria during glucose-dependent iron reduction was also studied to obtain 
preliminary information regarding role of this microbial group in iron reduction.  
Materials and Methods 
Sampling  
A 5 m sediment core (HE376-007-5) was collected from the Helgoland mud area (54° 5.00' N, 7° 
58.05' E) using a gravity corer and sectioned as described in Oni et al., 2015. Each 25 cm section of 
the gravity core was homogenized into 2.6 l jars under N2 gas (99.999% purity). The headspaces of 
jars were filled with anoxic artificial sea water (ASW). Jars were tightly sealed and stored at 4°C until 
use.  
Incubation set-up 
Incubations were performed in 120 ml serum vials. 10 g of sediment from the methanic zone (305-330 
cm; dissolved iron peak, Oni et al., 2015) was used to inoculate sterile anoxic 30 ml of sulfate-free 
ASW. ASW medium contained (g/l): NaCl, 26.4; MgCl2, 11.2; CaCl2.2H2O, 1.5; KCl, 0.7. Serum 
vials were tightly sealed with butyl rubber septa and aluminum crimps. Vials were connected to a 
manifold and were further made anoxic by repeatedly (3 times for 5 min) expelling headspace gases 
using a vacuum pump (CVC 3000, Vacuubrand GmbH, Germany). After each step of vacuum 
application for 5 min, headspaces of vials were filled with N2 (99.999 % purity). Sediment slurries 
were finally incubated under N2 (99.999 % purity) headspaces. Synthetic amorphous FeOOH prepared 
by titrating FeCl2.6H2O dissolved in water against NaOH following the methods of Schwertmann and 
Cornell (2000). Autoclaved hematite stock solution was prepared using commercially available 
hematite (α-Fe2O3; Bayferrox-110M, Laxness, Germany). To sediment incubations, as electron 
acceptors, hematite (25 mmol l-1) and amorphous FeOOH (5 mmol l-1) were added, and glucose 
solution (2mM) was added as electron donor where necessary, based on the experimental set-ups. 
Each treatment was performed in triplicate and slurry incubations were stored in the dark, without 







At specific time points, 1 ml of sediment slurry was drawn from incubations, with a sterile syringe 
flushed with N2 gas, into 1.5 ml Eppendorf vials, pre-flushed with N2 gas. Eppendorf vials were 
centrifuged at 20,000 g for 3 min. 100 μl of supernatant was immediately transferred into ferrozine 
solution to determine Fe2+ concentrations following Viollier et al., 2000. When higher Fe2+ 
concentrations were expected or measurements were not immediately done, supernatants were diluted 
or fixed in calculated amounts of 0.5 M HCl. 500 μl of supernatant was added to 500 μl zinc acetate 
solution (5 % v/v), and with this mixture, sulfate concentration in incubations was measured using a 
Metrohm Compact IC 761 ion chromatograph. The sediment pellets were stored at -20°C for 
molecular analysis of microbial communities. 
Methane and CO2 concentrations in the headspaces of incubation vials were monitored by injecting 
100 μl of headspace gas into a gas chromatograph equipped with a capillary column (Porapak Q, 2 m 
x 1/8″, inner diameter 2 mm, mesh range:80/100, Agilent, Germany) and a flame ionization detector 
(FID; Shimadzu GC-2014, Tokyo, Japan). Gas Chromatograph was coupled to a methanizer (nickel 
reactor, CP 11952, Agilent, Germany) and was operated with the following parameters: H2 as carrier 
gas (99.999% purity; 5 bar, 30 ml min-1 flow rate), H2 (40 kPsi) as combustion gas, compressed air (50 
kPsi) for combustion and N2 as make-up gas (5 bar). Detector, injector, column and methanizer were 
operated at 200°C, 120°C, 70°C, and 350°C, respectively. Chromatographic data was recorded using a 
Peak Simple data system (SRI, model 202) and concentrations of methane and CO2 were determined 
as described in Conrad et al., 1987. 
Microbial Community Analysis 
 DNA Extraction and Pyrosequencing  
DNA was extracted from sediment pellets as described in Oni et al., 2015. In preparation for 
pyrosequencing, PCR amplicons of bacterial and archaeal 16S rRNA genes were generated from DNA 
templates using primer pairs 27f, 907r for Bacteria and 109f, 912 rtr for Archaea (see Oni et al., 2015 
for primer sequences). PCR conditions are as follows: initial denaturation (94°C for 5mins), final 
denaturation (94°C for 30 secs), annealing temperature (52°C for 1 min, Bacteria; 55°C for 1 min, 
Archaea), extension (72°C for 1 min), final elongation (72°C for 7 min). Final denaturation, annealing 
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and final elongation steps were repeated for 35 and 30 cycles for bacterial and archaeal 16S rRNA 
gene amplification, respectively. Reactions were kept at 4°C until further processing. Amplicons were 
purified and 16S rRNA genes were sequenced and analyzed as described in Oni et al., 2015.  
Results 
Geochemical Analysis 
Iron reduction occurred most rapidly in glucose-amended incubations (Fig. 1A) with concomitant 
increase in headspace CO2 formation (Fig. 1D). Formation of Fe
2+ in aqueous phase had ceased by day 
22 in glucose-amended incubations. At this point, up to 3 times more Fe2+ was measured in the 
overlying water of slurry incubations containing glucose and ferrihydrite compared to incubations 
containing glucose only or glucose and hematite (Fig.1A). Interestingly, Fe2+ concentrations measured 
in slurry incubations containing glucose or glucose and hematite (250-280 μM) were similar to pore-
water iron concentrations measured at the sampled depth in situ (~ 300 μM,  Oni et al., 2015). By the 
time iron reduction had ceased in glucose-amended incubations (day 22), concentrations of Fe2+ were 
lowest in control incubations in which glucose was not added (~ 140 μM). Starting concentrations of 
sulfate in the aqueous phase of slurry incubations were between 122-128 μM across all incubations 
(Fig.1B). However, in glucose-or glucose and iron (III)-amended incubations, sulfate was reduced to 
~70 μM, at a rate of ~2.1-2.3 μM d-1, by day 36 and stayed constant further on. Methane formation 
was not observed in incubations until after 80 days (Fig. 1C).  Afterwards, methanogenesis occurred in 
treatments containing glucose and hematite (43.9 ± 1.44 nmol g wet sed.-1 d-1) and treatments 
containing glucose only (33.3 ± 8.44 nmol g wet sed.-1 d-1). Rates of methanogenesis in treatments 
with glucose and ferrihydrite (0.3 ± 0.22 nmol g wet sed.-1 d-1) were comparable to rates in slurry 
incubations without additional electron donors (~ 0.1 nmol g wet sed.-1 d-1). Overall glucose-dependent 
methanogenesis was suppressed by ferrihydrite almost completely (74 ±18 %, glucose only treatments; 








Fig.1. Iron reduction (A), sulfate reduction (B) methane formation (C), CO2 formation in glucose and 
iron (III)-amended incubations. Headspace volume is 80 ml. Iron and sulfate concentrations in 
aqueous phase of slurry incubations were only measured until day 125 while methane formation was 





















Fig. 2. Methanogenesis rates in sediment slurry incubations. Methane formation from glucose 
degradation was heavily suppressed by iron reduction.  
Microbial Community Composition 
Based on geochemical results, microbial community changes were only studied in glucose-containing 
incubations in order to know which microbial populations were specifically responsive to the presence 
of reducible iron minerals under glucose amendment as well as archaeal groups involved in 
methanogenesis. During the course of incubation, typical subsurface sediment bacterial populations 
such as members of Chloroflexi and candidate division OP9/JS1 were replaced by members of the 
Firmicutes (mostly Clostridiales, Fig. 3A) and Gammaproteobacteria (predominantly Vibrionaceae 
and Alteromondales; Fig. 3A, 3C). Deltaproteobacteria predominated in incubations with glucose and 
ferrihydrite, where iron reduction was most pronounced (3.8 %, 13 %, and 18 % of total bacterial 
















































Fig. 3. Bacterial community composition in glucose/glucose and iron (III) amended incubations. 
Phylum and class level classification (A), Deltaproteobacteria (B), Gammaproteobacteria (C), 
Firmicutes (D) relative abundances in slurry incubations. Glucose only (G), Glucose and Ferrihydrite 
(GF), Glucose and Hematite (GH) represents the different treatments and number in front represent 
days.  
 
Deltaproteobacteria in marine sediments, Desulfuromonadales, dominated Deltaproteobacterial 
groups with time across the treatments (Fig. 2B). The relative abundances of Desulfuromonadales 
shifted from an average of 0.6 % of total bacteria, on day 0, across sediments slurry incubations, with 
different treatments, to ~3 % in glucose only, 16 % in glucose and ferrihydrite, and 6 % of total 
bacteria in glucose and hematite incubations (Fig. 2B) 
By day 125, at which point higher methane concentrations were measured in headspaces of incubation 
vials, relative abundances of methanogens belonging to the Methanosarcinaceae, had increased. 
Methanosarcinacae, from ~ 0.9-1.5 % of total archaea on day 0 and 36, across the treatments studied, 
increased by ~10 fold in glucose- and ~11 fold in glucose and hematite-containing slurry incubations, 
on day 125 (Fig. 4). Most of the Methanosarcinaceae detected in the methanic zone of our study site 
are related to methane-oxidizing archaea, ANME-3 (Oni et al, 2015). However, the methanogenic  
populations responsible for methane formation in the incubations, clone A79 (KP987248.1, or 
Helgoland Meth6, Oni et al., 2015) constituted 1 % of Methanosarcinceae (Oni et al., 2015) at the 
depth from which sediments were sampled for these experiments (305-330 cm). In slurry incubations 
containing glucose and ferrihydrite, the relative abundances of Methanosarcinaceae remained the 























Fig. 4. Archaeal community composition in glucose and glucose plus iron (III) amended incubations. 
Group affiliations are presented to family level. Glucose only (G), Glucose and Ferrihydrite (GF), 
Glucose and Hematite (GH) represents the different treatments and number in front represent days. 
Methanosarcinaceae (red), in glucose /glucose and hematite incubations were most abundant on day 
125, when higher methane concentrations were detected.  
 
 Discussion 
To understand the source of iron reduction in methanic sediments of the Helgoland mud area, we have 
monitored shift in bacteria and archaea communities (especially candidate division JS1 bacteria, 
Desulfuromonadales and methanogens) under glucose-dependent iron-reducing conditions. Our results 
show that the presence of reactive organic matter (glucose) resulted in immediate iron reduction and 
stimulation of classical iron reducers in surface marine sediments (Desulfuromonadales) that were 
previously very low in relative abundance. In addition, JS1 bacteria were outcompeted by fast-
growing bacterial populations such as Clostridiales and Gammaproteobacteria. Overall, iron reduction 





 Fe (III) reduction 
The rapid stimulation of iron reduction on addition of glucose (Fig. 1A) compared to glucose-devoid 
incubations suggests that the methanic sediments of the Helgoland mud area is limited in 
reactive/bioavailable organic matter. Similar concentrations of Fe2+ in slurry incubations containing 
glucose only or glucose and hematite suggests that microorganisms could not couple degradation of 
glucose to reduction of crystalline iron mineral phases such as hematite. Nevertheless, the rapid 
occurrence of high concentrations (up to ~ 270 μM) of Fe2+ in the aqueous phase of these incubations 
shows that the methanic zone of the Helgoland mud area is rich in amorphous iron (III) minerals 
which are bioavailable (Raiswell et al., 2008). This confirms recent Mössbauer spectroscopy results 
which showed that amorphous iron (III) minerals (mainly lepidocrocite) constitute up to 24 % of total 
Fe (III) species in the methanic zone of the Helgoland mud area (Oni et al., 2015). Rapid enhancement 
of iron reduction in the presence of synthetic lepidocrocite (Fig. 5A) also suggests that iron-reducing 













Fig. 5. Effect of glucose-dependent lepidocrocite reduction on methane formation in sediment slurry 
incubations. Lepidocrocite reduction suppressed methanogensis. Glucose and lepidocrocite were 
added at concentrations of 2 mM and 5 mmol l-1, respectively.  
 
Members of the Desulfuromonadales are usually abundant in surface sediments where fresh organic 




2013, Helgoland mud area; Oni et al., 2015). This explains their increase in relative abundances in 
iron-reducing slurry incubations when glucose was supplemented (Fig. 3B).  
Other dominant bacterial populations such as members of the Alteromonadales (specifically, 
Psychromonadaceae; Köpke et al., 2005) and Clostridiales (Hammann and Ottow, 1974; Dobbin et 
al., 1999) have been linked to iron reduction. However, unlike Desulfuromonadales, they did not show 
highest relative abundance in incubations in which most Fe2+ concentrations were measured. Thus, 
iron reduction by these bacterial groups was most likely not coupled to growth but a minor proportion 
of electrons generated during fermentative degradation of glucose or glucose metabolites may have 
been transferred to iron (III) minerals (Lovley and Phillips, 1986). Unfortunately, electron balances 
could not be calculated here because of the difficulty in measuring fermentation intermediates in 
marine samples via our in-house high pressure liquid chromatography (HPLC) system. Measurements 
with marine pore-water samples are complicated by the high concentrations of anion chloride that 
interfere with analytical methods (Glombitza et al., 2014). However, new sample treatment methods 
and instrument adaptations (e.g. Glombitza et al., 2014) are emerging to alleviate this problem. 
Sulfate reduction 
The occurrence of sulfate reduction during the phase of iron reduction in all glucose-containing 
incubations suggests that sulfate reduction was not inhibited despite low starting concentrations of 
sulfate (~125 μM, Fig. 1B). It also confirms the presence of potentially active sulfate reducers in the 
methanic sediments of the Helgoland mud area, which are likely limited by reactive organic carbon as 
sulfate reduction was not glucose-devoid incubations. 
Methanogenesis 
Methanogenesis by members of the Methanosarcinaceae (Fig. 4) suggest that some methanogenic 
populations in the methanic zone of the Helgoland mud area are viable and methane formed in the 
Helgoland mud area is likely biogenic. The strong suppression of methanogenesis in slurry incubations 
containing glucose and ferrihydrite or lepidocrocite (Fig. 5B) may indicate substrate competition 
between methanogens and iron reducers such as Desulfuromonadales. However, this sort of 
competitive inhibition is not expected in the methanic sediments of the Helgoland, because 
methanogens were most abundant around the region of highest dissolved iron formation (Oni et al., 
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2015). Therefore, classical organoclastic iron reduction by bacterial populations such as members of 
Desulfuromonadales is unlikely to explain iron reduction in the methanic zone of the Helgoland mud 
area as methanogenesis would have been strongly inhibited.  
Proliferation of fast-growing and medium-adapted microbial populations 
Together with Psychromonadaceae and Clostridiales, members of Vibrionaceae dominated all 
glucose-amended incubations (Fig. 3C, 3D). These groups are fast growing microbes often present in 
marine surface sediment which took advantage of the presence of highly reactive organic matter such 
as glucose, as their (Psychromonadaceae and Vibrionaceae) relative abundances were very low at day 
0 (Fig. 3C). Their fast growth and high affinity for fresh organic matter may have allowed them to out-
compete typical, slow-growing subsurface microbial populations such as JS1 and Chloroflexi, which 
are capable of degrading organic matter but may be better adapted to more recalcitrant organic matter 
or organic matter at lower concentrations than that used in this study (Thorn and Ventullo, 1988; 
Hoehler and Jørgensen, 2013). Moreover, the divergence of dominant archaeal populations on day 0 
(Fig. 1) from archaeal populations, such as Miscellaneous Crenarchaeota Groups (MCG), ANME 
populations etc., dominant in original sediment (see Chapter 2, Fig. 7) is likely due to the “Bottle 
Effect” (Fuchs et al., 2000).This may explain the proliferation of uncultured Methanomicrobia which 
dominated archaeal populations upon storage of sediments at 4°C for 9 months in jars and overlaid 
with sulfate-free ASW, before this experiment was carried out. Nevertheless, this dominant uncultured 
Methanomicrobia population seemed not to play a role in methanogenesis as their relative abundances 
stayed almost constant before the onset of methanogenesis after day 80, by Methanosarcinceae (clone 
A79 or Helgoland Meth6, Oni et al., 2015) which were present in the original sediment. 
 
Conclusions 
Even though, known iron reducers in marine sediments such as members of Desulfuromonadales are 
present in the methanic zone of the Helgoland mud area and they may have contributed in part to iron 
reduction therein. However, they are likely not responsible for the iron reduction as they were limited 
in abundance and are probably limited by the presence of high-quality organic matter contrary to 
surface sediments (see Chapter 2). In addition, due to substrate competition, iron reduction by these 
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populations in situ will likely inhibit methanogenesis as shown, contrary to observations in the 
Helgoland mud area, where there seem to be a positive relationship between iron reduction, 
methanogens and some methane-oxidizing archaea (Oni et al., 2015). In addition, JS1 bacteria are 
likely not very competitive against physiologically similar microorganisms like Firmicutes 
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Preliminary results on the effect of methane on iron reduction in slurry incubations with 
methanic sediments from the Helgoland mud area 
Oluwatobi Oni, Sabine Kasten and Michael W. Friedrich 
Results in chapter 5 suggested that iron reduction and methanogenesis are unlikely to occur 
simultaneously in methanic sediments of the Helgoland mud area. Typical organoclastic iron reducers 
in marine sediments such as Desulfuromonadales seemed to out-compete methanogens for similar 
electron donors. In addition, organic matter in the subsurface sediments of the Helgoland mud area 
appeared to be not readily-bioavailable, although abundant.  
 
Fig. 1: Effect of methane on iron reduction in sediment slurry incubations. 20 g of sediment (HE 406-
008, 275-300 cm) was added to 20 ml ASW. Incubations were set up as described in previous 
chapters. Slurries were incubated at 25°C with the aim of accelerating methane oxidation; a process 
which otherwise would be very slow (Nauhaus et al., 2007). Error bars are 1S.D of triplicate 
measurements. 
The concurrent detection of high concentrations of methane and dissolved iron in the methanic zone of 
our study site hints at the absence of competitive inhibition of methanogenesis and iron reduction. 
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Therefore, alternative hypotheses had to be tested. In sediment slurry microcosm experiments, we 
tested the potential for methane to fuel iron reduction in the methanic zone of the Helgoland mud area. 
Indeed, higher concentrations of dissolved iron could be measured in incubations with methane (0.2 
bar) and iron (III) minerals (ferrihydrite, 10 mmol l-1 and lepidocrocite, 10 mmol l-1) compared to 
control incubations with N2 (0.2 bar) as headspace gas and supplemented iron minerals (Fig. 1). 
Interestingly, slurries treated with methane and lepidocrocite showed highest dissolved iron 
concentrations over the incubation period (Fig. 1), consistent with the detection of lepidocrocite as the 
microbially-relevant iron (III) mineral dominant in situ (Oni et al., 2015). This result suggests that 
lepidocrocite reduction was enhanced by the presence of methane. Nevertheless,  the data at hand must 
be interpreted with caution, as concentrations of dissolved iron so far measured are low (Fig. 1), 
considering that 10 mmol l-1 Fe (III) was added. In Chapter 5 (Figs. 1A and 4), addition of 5 mmol l-1 
Fe (III) resulted in ~ 800 μM Fe2+ in aqueous phase when iron reduction had reached completion 
whereas here, only ~ 100-170 μM Fe 2+ was detected, with iron reduction seemingly reaching 
completion already by day 94. To verify the occurrence of methane oxidation coupled to lepidocrocite 
reduction more sensitively, 13CH4 radiotracer experiments such as in Sivan et al., 2011 and Egger et 
al., 2014 will be necessary.  
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Hematite accelerates methanogenic degradation of benzoate in marine sediment slurry 
incubations 
Oluwatobi Oni and Michael W. Friedrich 
Via several mechanisms, the methane and iron cycles are connected (Beal et al., 2009; Kato et al., 
2012; Jiang et al., 2013; Riedinger et al., 2014; Egger et al., 2014; Rotaru et al., 2014). Most recently 
discovered of the different mechanisms is the transfer of electrons between fermentative microbes and 
methanogens via conductive iron mineral as electron conduits, a concept termed “electric syntrophy” 
(Kato et al., 2012) or direct interspecies electron transfer (DIET, Rotaru et al., 2014). The 
enhancement of methanogenic degradation of organic matter with (semi)conductive iron minerals such 
as hematite, goethite, magnetite, pyrite, etc. has been demonstrated in rice field soils (Kato et al., 
2012; Zhuang et al., 2015a, 2015b) as well as anaerobic sludge and digesters (Rotaru et al., 2014; 
Viggi et al., 2014). Until now, DIET has not been studied in marine sediments, where it may in fact, 
play a major role in mediating metabolic interactions between marine microorganisms since 
conductive minerals are abundant. DIET may be even more important in subsurface sediments due to 
high energy limitations (see review: Lever, 2011) and reliance of inhabiting microorganisms on 
fermentative or syntrophic metabolisms. It is noteworthy that varying microbial populations have been 
reported to mediate DIET in different environments: For example DIET in rice field soils studied by 
Kato et al. was mainly mediated by Geobacter and Methanosarcinales whereas in other studies, it 
could be mediated by other microbes, e.g. Bacillaceae, Peptococcaceae, Sedimentibacter and 
Methanobacterium (Zhuang et al., 2015a, 2015b). This means that marine sediments (especially 
subsurface sediments), harboring distinct microbial populations, may offer novel microorganisms 
capable of DIET.  
In the subsurface sediments of the Helgoland mud area, a tight correlation has been observed between 
JS1 bacteria and methanogens, and this association is linked to the iron cycle (Oni et al., 2015). 
Although not detected by Mössbauer spectroscopy, sequential extraction of iron minerals show that 
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conductive crystalline iron mineral phases (goethite and  hematite) are as abundant as bio-reducible 
iron mineral phases (lepidocrocite), and both phases follow a similar distribution pattern with depth 
(Oni et al., 2015). Since JS1 bacteria have been linked to fermentative, saccharolytic and syntrophic 
metabolism (Dodsworth et al., 2013; Gies et al., 2014; Nobu et al., 2015), it is conceivable their tight 
correlation with methanogens is due to metabolic dependencies and perhaps facilitated by the iron 
minerals. This hypothesis is thus, worth testing, and as a first step, it was necessary to test the potential 
for enhancing methanogenesis with a conductive crystalline iron mineral in sediments of the 
Helgoland mud area. The choice of benzoate as the electron donor was motivated by the fact that close 
relatives of JS1 bacteria detected in the Helgoland mud area (Oni et al., 2015) have been found 
members of the microbial populations in a stable benzene-mineralizing enrichment cultur (Phelps et 
al., 1998). However, due to the recalcitrant nature and toxicity of benzene, benzoate, being an 
intermediate in benzene degradation was selected. Sediment slurry incubations were prepared as 
described in chapters 5 and 6. Benzoate, ferrihydrite and lepidocrocite were added at concentrations of 
2 mM (80 μmol), 1 0 mmol-1, and 30 mmol-1, respectively. Sediment slurries were incubated at 30 °C 
to allow methanogenesis proceed faster. Methanogenesis started after 168 days in sediment slurries 
treated with benzoate alone and benzoate with hematite (Fig. 1A). According to the stoichiometry of 
methanogenic degradation of benzoate, 1 mole of benzoate is expected to yield 3.75 moles of methane 
(Schink, 1997), which means 300 μmol of methane would be expected if all 80 μmol of benzoate 
supplemented was turned over, however, only 140 μmol could be recovered experimentally (Fig. 1A), 
resulting in a 46 % conversion efficiency of benzoate to methane. Addition of ferrihydrite suppressed 
methanogenic degradation of benzoate but stimulated highest iron reduction (up 400 μM dissolved Fe 
in aqueous phase, Fig. 1B), suggesting that iron reducers may have outcompeted methanogens for 





























































































methanogenesis from benzoate was at 25 - 48 % faster in presence of hematite (28.4 ± 9.5 vs 78.7 
nmol g wet sed.-1 day-1, respectively). The stimulatory effect of hematite is most likely due to DIET 
since hematite did not stimulate iron reduction to higher concentrations than in control incubations. 
Therefore, one could speculate that it is only serving a conductive conduit facilitating electron transfer 
between benzoate degrading microbial populations and methanogens. These results thus provide a 
strong basis for the identification of microbial populations in the methanic zone of the Helgoland mud 
area which are capable of methanogenic aromatic compounds degradation via DIET.  
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General Discussion and Perspectives 
Subsurface microbiology has become an important field in environmental microbiology due to the 
detection of several uncultured bacterial and archaeal lineages, whose functions are so far poorly 
understood in subsurface sediments of marine and terrestrial environments. However, microbial 
populations in subsurface sediments have been linked to a number of elemental cycles (e.g. Fe, Mn, S, 
C etc), some of which are extremely important for shaping Earth’s climate. In this work, bacteria and 
archaea communities, as they interact with the geochemical environments in the subsurface sediments 
of the Helgoland mud area, were studied, and results have been discussed in detail in previous 
chapters.  Here, I aimed to synergize the main findings in previous chapters into a clearer picture that 
presents the structure and potential roles of microorganisms in the subsurface sediments of the 










Fig.1. Microbial community structure in subsurface sediments of the Helgoland mud area relative to 




Structure of microbial communities in subsurface sediments of Helgoland mud area 
Overall, surface and subsurface sediments of the Helgoland mud area are dominated by different 
microbial populations as seen in Chapter 2 (Figs. 4 and 7). In addition, Fig. 1 shows that TOC, 
dissolved Fe and sulfate are important factors that influence the distribution of dominant Bacteria and 
Archaea communities in the subsurface sediments of the Helgoland mud area. The potential for sulfate 
reduction in the subsurface sediments of the Helgoland mud area seem to be most pronounced around 
the SMT, where anaerobic oxidation of methane is coupled to sulfate reduction. This process, in our 
study site, is likely mediated by anaerobic methane-oxidizing archaea, ANME-1 and -2c archaeal 
populations in partnership with members of the sulfate-reducing Desulfobacteraceae, as reported in 
other studies (Boetius et al., 2000; Orphan et al., 2001; Girguis et al., 2005). The most dominant 
bacterial and archaeal populations (Chloroflexi and MCG, respectively) may be involved in organic 
matter degradation, as they strongly correlate to TOC content in the subsurface sediments. These 
results are also consistent with their recently predicted roles in sedimentary organic matter degradation 
(Kubo et al., 2012; Krzmarzick et al., 2012; Lloyd et al., 2013; Wasmund et al., 2014; Meng et al., 
2014; Vigneron et al., 2014b). Interestingly, the depth-wise distribution of the Thermoplasmata, seems 
to be controlled by both sulfate and TOC (Fig. 1 and Chapter 2, Fig. 8), because they were highly 
abundant around the SMT (30-55 cm) and below. They also increased in relative abundance with 
increasing TOC content. Genetic evidences from single cells of Thermoplasmata recovered from deep 
anoxic peatlands suggest their ability to reduce sulfite and organosulfate (Lin et al., 2015). Other 
studies have linked members of the Thermoplasmata (Methanomassiliicoccales) to methylotrophic 
methanogenesis (Paul et al., 2012; Dridi et al., 2012; Poulsen et al., 2013; Iino et al., 2013). 
Terrestrially-derived organic matter, present in subsurface sediments of the Helgoland mud area (see 
Chapter 2) such as lignin-derived materials, may serve as a source of methoxy compounds for 
methylotrophic methanogenesis (Schink and Zeikus, 1980; Donnelly and Dagley, 1980). Most 
importantly, the distribution of JS1 bacteria, methanogens (Methanosaetaceae and 
Methanomicrobiales) and ANME-3-related archaea seem to be connected to dissolved Fe 
concentrations in the methanic zone. Therefore, it can be concluded that metabolic interactions among 
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JS1, methanogens and ANME-3-related archaea may be important for iron reduction in subsurface 
sediments of the Helgoland mud area (Oni et al., 2015).  
Biotic origin of dissolved iron in the methanic zone of the Helgoland mud area 
In surface sediments, where microorganisms are more actively turning over substrates, cell numbers 
are higher than in subsurface sediments where turnover of substrates are in the order of 100-2000 
years (Biddle et al., 2006). However, at distinct zones of high microbial activities in subsurface 
sediments, such as the SMT (Biddle et al., 2006; Li et al., 2012) and other presumed zones of AOM 
occurrence (Fernandes et al., 2015), higher cell numbers have been recorded. Higher qPCR-based 16S 
rRNA gene copies detected around the peak of dissolved iron in the methanic zone (Oni et al., 2015) 
suggest that iron reduction in our study site is biogenic and that rates of iron reduction are locally high 
at the depths of elevated iron dissolved Fe concentrations. In other words, not as a result of chemical 
reaction between downward-diffusing sulfide from the SMT and buried iron (III) minerals or diffusion 
of dissolved iron from depths above and below the dissolved Fe peak. This is strongly supported by 
co-occurrence of higher relative abundances of JS1 bacteria, methanogens and ANME-3-related 
archaeal populations with high concentrations of dissolved iron at 305-330 cm and 355-380 cm 
(dissolved Fe peaks, Fig. 1; Oni et al., 2015).  
Possible pathways of iron reduction in the methanic zone of the Helgoland mud area 
Indications of a biotic origin of iron reduction in the methanic zone rule out chemical iron reduction 
from downward-diffusing sulfide from the SMT. In addition, considering the large distance (over 200 
cm) between the SMT (~ 75 cm bsf) and peak of dissolved iron, sulfide diffusing downward would 
have been quickly exhausted, and the peak of dissolved Fe would be expected at shallower depths. The 
“cryptic sulfur cycle” as proposed by Holmkvist et al., (2011), also does not completely explain the 
mechanism of iron reduction the methanic zone of marine sediments because it does not account for 
the detection of free dissolved Fe in pore water. In the Aarhus Bay sediments, sulfide penetrated up till 
350 cm and prior to this depth, free dissolved Fe2+ was not detected until sulfide was completely 
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depleted (Holmkvist et al., 2011). Therefore, iron reduction in deeper methanic sediments could not be 
well studied in these sediments.  
Contrary to surface sediments, oxidation of products (acetate and hydrogen) of organic matter 
fermentation by bacteria such as members of the Desulfuromonadales, is also unlikely to explain iron 
reduction in the methanic zone. Ideally, iron reducers and methanogens compete for similar electron 
donors in the environment, thus iron reduction and methanogenesis are not expected to co-occur if 
both processes are fed by similar electron donors (Achtnich et al., 1995). This was also demonstrated 
in Chapter 5, where methanogenesis was almost completely inhibited in slurry incubations in which 
excess iron (III) minerals were being reduced by members of the Desulfuromonadales. The very low 
abundance (0.01− 0.1% of total bacteria) of Desulfuromonadales in sediments from the methanic zone 
compared to the surface sediments adds to the evidence that they do not play a major role in iron 
reduction in the methanic zone (Oni et al., 2015). Nevertheless, a cooperative interaction may exist 
between bacterial populations and methanogens in the metabolism of complex organic matter or 
simpler products of organic matter fermentation such as acetate, which may be linked to iron 
reduction. In recent findings of Jiang and colleagues (Jiang et al., 2013), isolates of Clostridia from 
rice paddy soils facilitated methanogenesis and growth of methanogens via iron reduction. This 
occurred via oxidation of acetate coupled to iron (III) mineral (poorly crystalline akagenite) reduction. 
Methanogens further harnessed electrons that resulted from the transformation of dissolved Fe (see 
Benner et al., 2002; Hansel et al., 2003; Zegeye et al., 2010) from akagenite reduction to goethite (a 
conductive iron mineral), which perhaps further facilitated electron transfer (via DIET) between 
methanogens and Clostridia. This sort of mechanism of iron reduction is plausible in the methanic 
zone of the Helgoland mud area based on the tight linkages between JS1, methanogens and dissolved 
Fe. Members of the JS1 candidate division have been consistently detected in methane-rich habitats 
(Webster et al., 2004; Newberry et al., 2004; Parkes et al., 2005; Inagaki et al., 2006; Parkes et al., 
2007; Pachiadaki et al., 2011; Chevalier et al., 2013; Lee et al., 2013), and evidences from single cell 
genomics so far suggest that they are fermentative organisms and capable of syntrophic oxidation of 
volatile fatty acids (Dodsworth et al., 2013; Gies et al., 2014; Nobu et al., 2015; Carr et al., 2015), 
physiological potentials also shared by microorganisms such as Clostridia (Fontaine et al., 1942; 
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Schnürer et al., 1997). Considering that sequential extraction of iron mineral phases from methanic 
sediments of the Helgoland mud area suggested the presence of crystalline iron minerals phases 
(hematite/goethite), whose depth distribution follow a similar pattern as amorphous iron mineral 
phases and their concentrations highest around the peak of dissolved Fe (Oni et al., 2015), crystalline 
iron minerals may have acted as conductive electron conduits facilitating metabolic interactions 
between JS1 and methanogens. Enhanced benzoate-dependent methanogenesis by hematite in slurry 
incubation experiments presented in Chapter 7 suggests that there are microbes in the methanic zone 
of the Helgoland mud area capable of exploiting the presence of conductive iron minerals to facilitate 
syntrophic interaction with methanogens. A more detailed study of such interactions is required as it 
affects iron reduction.  
Correlation of methane-oxidizing ANME-3-related archaeal populations to dissolved Fe (Fig. 1) 
suggests that oxidation of methane coupled to iron reduction remains a strong possibility as a source of 
dissolved Fe2+ in the methanic zone of the Helgoland mud area. In slurry incubation experiments of 
Beal and colleagues, ANME-3 populations were linked to methane oxidation coupled to metal 
reduction (Beal et al., 2009). In addition, members of the JS1 (SB45 lineages) candidate division were 
found to be highly enriched in methane and Mn (IV)-containing slurry incubations with sediments 
from Lake Matano (Glass et al., 2014), suggesting that JS1 bacteria may play a role in methane 
oxidation coupled to metal reduction. From these points of view, one could hypothesize that 
Methanosaetaceae and Methanomicrobiales generated methane, whose oxidation is then coupled to 
iron reduction by JS1 bacteria and/or ANME-3-related populations via yet unknown mechanisms. In 
fact, other studies have reported strong correlations between JS1 and other ANME populations 
(ANME-2, Roalkvam et al., (2011); ANME-1, Vigneron et al., (2014a)). Results presented in Chapter 
6 suggest that methane influenced lepidocrocite reduction although 13CH4 tracer experiments would be 
necessary to prove this unambiguously. Meanwhile, characterization of microbial community shifts in 
those incubations would be important to check if predicted microbial populations potentially involved 
in anaerobic methane oxidation (JS1 bacteria and ANME-3-related archaea) were enriched. Results so 
far gathered, clearly indicate that more work still need to be done to decipher the exact mechanisms of 
iron reduction in the methanic zone of the Helgoland mud area. However, chemical reduction of Fe 
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(III) minerals with downward-diffusing sulfide from the SMT or organoclastic iron reduction by 
organisms such as Desulfuromonadales are unlikely mechanisms that account for elevated 
concentrations of dissolved Fe in the methanic zone. Therefore, further research should focus on 
alternative mechanisms such as syntrophic degradation of acetate (or other complex organic matter) 
coupled to methanogenesis, via iron mineral or AOM coupled to iron reduction. The latter mechanism 
seems more likely based on preliminary results in Chapter 6. Regardless of the exact mechanisms, this 
work provides data suggesting that iron reduction in the methanic sediments of the Helgoland mud 
area is likely biotic and also suggests microbial populations potentially linked to the process.  
Organic matter composition and degradation in the Helgoland mud area 
Data presented in Chapter 2 revealed that surface sediments of the Helgoland mud area are dominated 
by nitrogen-rich, aliphatic compounds which are most likely derived from marine sources (algal 
materials, Nguyen et al., 2003). Algal-derived organic matter is usually rich in protein, and 
carbohydrates are more amenable than terrestrially-derived organic matter to microbial degradation 
(Kristensen, 1994; Sun et al., 1997). Consistently, microorganisms dominating or more abundant in 
the surface sediments (e.g. members of the Gammaproteobacteria or Bacteroidetes) are those often 
associated with algal bloom degradation (Teeling et al., 2012; Klindworth et al., 2014; Ruff et al., 
2014; Tan et al., 2015), which eventually sinks to the sea floor to serve as energy sources for surface 
sediment microorganisms. In deeper sediments, the abundance of organic molecules bearing 
signatures of terrestrial origin is consistent with higher burial efficiency of terrestrial organic matter in 
continental margin sediments (Prahl et al., 1994; Burdige, 2005) and aligns with the depositional 
history of the Helgoland mud area as a highly depositional environment in the past (Hebbeln et al., 
2003). Terrestrially-derived organic matter is rich in aromatic hydrocarbons derived mainly from 
vascular plant materials (Armstroff et al., 2006) and are considered less easily degradable by 
microorganisms (Andersen and Kristensen, 1992; Meyers and Ishiwatari, 1993; Meyers, 1994; Prahl et 
al., 1994; Sun et al., 1997). However, FT-ICRMS data (see Chapter 2, Fig. 9) suggests that in the 
methanic zone, water-extractable aromatic and phenolic organic molecules presumably of terrestrial 
origin are being degraded. Degradation of such organic compound groups have also been recently 
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observed in subsurface peatland sediments and was predicted to be as a result of microbial activities 
(Tfaily et al., 2013, 2015). The possibility of microbial organic matter degradation in the subsurface 
sediments of the Helgoland mud area was buttressed by the strong correlations between dominant 
bacteria and archaea populations (Chloroflexi, MCG, Thermoplasmata) with TOC content (see 
Chapter 2, Fig. 8 and this Chapter, Fig. 1).  Similar microbial populations, dominating marine and 
terrestrial subsurface sediments (Breuker et al., 2011), coupled with the finding that aromatic and 
phenolic molecules are also being degraded in peatland subsurface sediments, suggest that similar 
organic matter diagenetic processes, mediated by similar microbial populations, occur in terrestrial and 
marine continental margin subsurface sediments. This could mean that as terrestrial organic matter are 
transported into the ocean, they are selectively enriched and buried deeper in marine sediments due to 
the preferential removal of more bioavailable marine organic matter, specific microbial communities 
with special adaptive capabilities to survive in subsurface marine sediments and degrade more 
recalcitrant organic matter emerge, resulting in more or less similar microbial populations to those 
dominating terrestrial subsurface environments. The slow (100-2000 years, Biddle et al., 2006) 
turnover and release of intermediates from recalcitrant organic matter in subsurface sediments could 
offer slow-growing subsurface microbial populations (Thorn and Ventullo, 1988) a competitive 
advantage over surface sediment microorganisms which are usually exposed to higher quality and 
more easily degradable organic matter. This is probably one of the reasons why previous experiments 
aimed at obtaining enrichment cultures of the dominant subsurface microorganisms using easily 
degradable substrates resulted in the proliferation of typical surface sediment microorganisms (Köpke 
et al., 2005; Batzke et al., 2007; Chapters 4 and 5 of this work). A small but positive step in the effort 
to cultivate subsurface sediment microorganisms is the molecular characterization of organic 
molecules that are present and being degraded in subsurface sediments. Therefore, the findings 
presented in Chapter 2, that aromatic and phenolic compounds presumably of terrestrial origin area 
being degraded in the methanic zone, may accelerate efforts to culture subsurface microorganisms in 
the Helgoland mud area and perhaps other highly depositional environments. For the future, it would 
be worthwhile to systematically study microbial community shifts in slurry incubations with marine 
subsurface sediments, when treated with algal-derived organic matter and model terrestrially derived 
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organic matter under anoxic conditions, to find out under which conditions more of the typical 
microbial communities dominating deep subsurface sediments will be recovered.  
Chemolithotrophic Mn (IV) reduction in subsurface sediments of the Helgoland mud area 
Results in Chapter 4 showed that there is a huge potential for chemolithotrophic Mn (IV) reduction in 
subsurface sediments of the Helgoland mud area provided excess Mn (IV) is present. The results 
obtained from Mn (IV)-containing sediment slurry incubations is reminiscent of a 30 year-long 
observation by Aller and Rude, (1988) that sulfate, resulting from solid phase sulfides, is rapidly 
formed when amorphous Mn (IV) is added to surficial marine sediments. Aller and Rude suggested 
that this reaction is likely linked to microbial activity but till now there has been limited information in 
the literature regarding microorganisms linked to this process and on this front, the finding that novel 
Desulfobulbaceae-Desulfocapsa-related populations, MSME cluster is noteworthy. MSME cluster was 
not abundant in situ (about 1 % of total bacteria) but appear to have responded rapidly to the presence 
of excess Mn (IV), thus making any conclusions about their real ecological role in the subsurface 
sediment of the Helgoland mud area premature. Regardless, we extend the inventory of microbial 
populations so far linked the biotic formation of sulfate on addition of Mn (IV) in marine sediments. 
Future studies should focus on the mechanisms of sulfate formation by members of the MSME cluster 
to decipher whether they disproportionate elemental sulfur resulting from chemical reaction between 
Mn (IV) and FeS (Thamdrup et al., 1993; Schippers and Jørgensen, 2001) or couple its oxidation 
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